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2.1 PERFORMANCE ANALYSIS 

Two full power endurance tests were performed during the NRX-A5 test series. the 
second test featured a fixed control drum startup over the greatest power range for this mode 

of startup (approximately 30 KW to850 MW) in the NRX test program to dote. The startup 

w m  extremely smooth with a peak chamber temperature ramp rate of 55OR/sec and minimum 

reactor period of 1.8 seconds. The accumulated run time for both endurance tests was 30.1 

minutes above 37OOO R chamber temperature. 

Detailed steady state and transient comparisons of thermal performance prameten 

were mad2 with TNT (Thermal and Transient Computer Code) post test calculations. The c o w  

prisons between test data and calculations are reasonably g o d  and indicated that the T N T  

code i s  adequate for the purpose of test predictior! calculotians. 

The decay power was computed from test data for the cooldown following EP-Ill. 

?he experimental power compo-es satisfactorily with the decay power predicted by Revision 1 

of the S-4 (Fission Product Energy Release) code. 

* ne relationship beiweeri power ond rate of core temperature increase during low 

power - no flow operation was determined. This analysis indicated that thermal power coli- 

bration during low power - no flow operation i s  a feasible means for the calibration of the 
nuclear power mewuring instruments. 

A comparison of heat generation in the peripheral reactor components for NRX/EST 

and NRX-A5 indicated that an accurate evaluation of the increased heating resulting from 

the external shield could not be mode because the uncertointies in the data were of the some 

order of magnitude os the calculated shield effect. 

A comparison of overage station 26 temperature with average chamber temperature 

for both NRX/EST and NRX-AS indicated that either measurement could t~ used as the pri- 

mary control temperature. 



2.2 REFLECTOR AND SEAL SYSXy AND FILLER STRIPS 

2.3 CORE TE.MRRAfURES 

Agreement between cere temperatures indicated by thermo~a~ples ond by them01 

capsules WGS good. The ogreemer.: of these measurements with predictions wat alto good, 

*WR on the d i a l  a v e r q ~  md *2OOOR at any core location, except in the core center 

ofier t b  development of extensive corrosion. The maximrm meosud material tcmpemture 



2.4 COltROSlON 

The average NRX-AS fuel ekmentre;g)rt ~ a s s r a o  27- per e w 8  bmed an 

~lecsuremmts taken on 1551 skmerrh (925 uddcen, 6% Far caqnwison, &e aver 
oge fd element mi+ loa d the Nrpc/En rrm 3 2 4  grams per e-. The amoll 

weight lasr pdmmmce of tho NRX-AS Y-12 fuel elecnenh was better thm the WAFF fuel 

eie- Between 1 5 d  30 percent of* WOI fusl ekmntweight Iassrcrr athibud to 

loss of material from the exterrxrl surfoaad the elementsad the mi& to losr of moterial 

fmRl the coolant chonnel surcoccl, 

The ovccall integmted inaemental we;& losr WQ highert (42.3 grocm) in the con 

ce.7tfal region ad lowest (16.3 gmcm) in the mibmdiol region. lhc NRX-A5 exhibited a 
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2 5  NUCLFAR ANALYSIS 

The initio1 ombier$ criticol d drum position d 99.3 degees coc(p~es well with 

the final @idion d 9%0 t7 dssger d d y  well with to# 93 aim @tion. 

fhe fiml d d  critical position folle#ring the teat swies was 137.3 degrees, indi- 

coting tho? 2.36) reoctiwity lods resulted fram d o n .  The dmnging critical angle &wing 

operotion id id  thot the rote of reach‘vity loss i d  exponentially with el@ t i m e  

ot hll B”er. 

The analysis of drum worth doto indicated Q oontrol drum SQOR of8,2$, ob conpored 
to the pdicted 8.5$, ond c o c l f i d  the uniconnity d the individual drum w o r k  

The meQoured reactivity swiryp to full power prwed to bewell tepresented by h e  

NRI(,/BT enpiricol re0Ct;wity feedbod< model, 

The o d w l  p e r  distribution was i n f d  frwn NTO fuel element radiochemistry 

Qher earettion for the effects of corrosion on fission product activity- When the result was 

compand with predictions for the effective average control drum position of 119 degrees over 

the test series, t)re lorgest dihrence was 4.7 percent. These mots ore attributed mainly to 

fuel looding changes between the NW-AS ond the NRX-A3 mctor, on which the hot p e r  

predictions were based. 
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3.2.1 Test Cell .A" M , + e m  

P. detailed schematic of the Test Cell "A" feedqstem i s  given in Reference 1. T h e  

Si#ified demotic in Figure 3-1 dwrws only the prhory pipes, valves, venturis ond other 

cocrrgonerrtt which me mtpired fa a basic understanding of i t s  ogerotian b r ing  p e r  testing. 

Liquid hydmgen pmpelknrtflaws frocn the dewan to the teacta t h r  a path consisting of 

the pump suction line, the pump, and the pump dischmge line. The pump i s  driven by o tur- 

bine whi& is  pcrwered by hi$ piesarre ambient hydrogen. Liquid hydrogen flow is meosured 

by two venturis The FE-4venbi measures pump 'nlet flow and the Ff-7 venturi measures pump 

dischcqe flow. Liquid hydrogen moy be vented hi &e pump discharge line at two locations. 

The A C W  volve -1s flaw vented between the pump and the pump discharge venturi. The 

main purpose of this wrhre i s  to keep the pump within i ts operating region. The AMI-2 valve 

Gontrok fhm wented dop#rrrtrean d the pump didmrge wenturi. The purpose of this volve i s  

to chili the propellant line to cryogenic )em9erotwes prior to the initiotion of a run, The 

m i n  propellant shut& -be, ACV-3, is loooted dawnsheom ob tk pc mp discharge venturi. 

Flaw to the C C O C ~ O ~  dwing a power run is  generelly initioted by s i r r u l m l y  closing AW-2 

and opening ACV-3. 
- 

Ambient gas i s  supplied to the r e o m  from the high pressure gos bonk by o line which 

connects to the pump discharge line between the -le monifold c d  ACV-3. A d e n t  gas 

flow i s  cmtmlled by *e KV-10 valve and measured by the IF€-IO venturi. Ambient hyd-ogen 

supplied thmugh this iine i s  the primary source of emergency coolant (see Section 3.2.3). 

3.2.2 h c t o r  Geometry ad Flaw Poth 

A detailed description of the NRX-AS reactor geometry ond flaw path i s  given in the 

The overall reactor flow path from the nozzle manifold 2 
NRX-A3 Reoctor A d p i s  Data Book, 

to the core exit (nozzle chamber) i s  illurtroted on a longitudinal sectim of the reactor in 
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3.2.3.1 FLOW Shutdawn 

The FLOW shutdawn is  the mjor enwgency shutdcrwn pmdure for the 

case of loss of [quid hydmgen flow. Initiotion con be oscemplished either by mom~ll or auto- 

motie control. Typic01 outennatic initidion i s  h u g h  a turbopump otrerspse$ trip or in  o ~ f e  

of complete loas of electric power at the Concr~l Point, See Table II.C.3 in the NRX-A5 Test 
3 Specification for o complete l i s t  of conditions thot result in  automatic activation of Q FLOW 

shutdown. A FLOW shutdown consists of the following essentially simultcmneow events: 

Reom scmm at moximum control drum speed. 

Closing of the urbine control volve. 

Closing of ACV-3 and opening of vent valves to stop liquid 

hydrogen flaw. 

Opening of PCV=41 to initiate ambient hydrogen flm to the 

reoctor. KV-41 is automatically controlled to mointoin Q nozzle 

torus pressure which i s  determined as a function of measured core 

1) 

2) 

3) 

4) 
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3.2.3.2 SCRAM Shutdown 

A SCRAM shutdown consists of the following events: 

1) Reactor scram at mcr#imum confml drum speed. 

2) Liquid hydrogen flow is  reduced exponentially to 25 Ib/sec 

cn a i second time constant, Flaw of 25 Ib/sec is maintained 

until monwl contra! i s  initiated. The flow prior to SCRAM i s  

mintoined if  It wos less thon 25 Ib/sec. 

3.233 _suQn S)lubown Rocedure During NRX-A5 ShuMown~ 

blh the %RAM ond FLOW shutdo\rrm6 were used (Is port of the normal shutdown 

sequence for the two p e r  runs. The normal shutdawn seque.xe starts from full p e r ,  and 

the flow and tempemture profiles are the mirror imoge of the startup profiles. At 2m0R ths 

SCRAM shutdawn was manually activated. This wm followed by a monuol FLOW shutdown 

when the cbmtw temperature M k c f e o ~ e d  to ISOOOR. F- this time on a11 further cocltr01 

of coolant flaw was by mnuol control. 
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Figure 3-1. Simplified Schematic of Test Cell "A" Feed sylrtem 
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3.3 ?RE-POWER TESTS 

The prim, objectives of the p re -pe r  tests during E P 1  a d  E C - I I  were to Qssure 

that the reactor ond facility were ready for the subsequent hi3h p e r  tests. In oddition, doto 

of interest for increasing the understonding of reactor operation were obtained from the ambient 

hydrogen flow test, €PI, and the mm set neutronic calibration test, E P I I .  Reactor plewm 

pressures and pressure drops measured dvring the ambient ' ydrogen flaw test are compared H ith 

T M  (Therm01 and Nucleor Transient pqrom)" calculations. The comparison indicates that 

T M  adequately simulates reactor pressures and pressure drops during ombient gas fluw. h t o  

obtoined during the neutronic calibration test was used tQ determine ?he relationship between 

rate of core temperature ipcrease and power dcring lcrw power and rem flow conditi QIS. The 

results indicate That power can be computed trom the mte of axe temperature increase end 

that newttonic power can be mlibroted using reoctot sensible heat. 

3.3.1 €PI Ambent Hydrage n Flow Test 

3.3.1.1 Test h f i l e  
~~ ~ 

TWO objectives QF EP-I were to evaluate the integrity of t!.e test assembly 

and to :heck the pressure instrumentation. The test to occofiplish these objectives conshteci 

of ramping ambient GN, flaw at a rote of 2 Ib/sec/sec t3 22.3 Ib/sec and holding therr- for o 

period of 16 seconds; then, the flow wos pragrammec! down to 11.4 Ib/sec and held for 88 

seconds before terminating the test. During the latter hold, dcta system and control system 

step respsnse measurements were made. ~ o d i ~ e s  of flow rote, drum position, &amber & s u r e  

L 

* clowle torw pressure are shown in Figures 3-4 and 3-5. Reactor power wca held at a 

. a i d  1 KW level during this test, 

3.3.1.2 Comparison with Redictions - 
The CI lculation of system pressures and compc:ient pressure drops at the 

wo steady-state holds of t5is test was mode using flaw rates calculated from test measurements 

as input to the TNT (thermal and Nuclear Transient) code. Ambient hydrogen flow wos 

supplied thmugh the FE-10 venturi (see Figure 3-1). The equation used fm the flow calculotio'.. 

* See Section 0.5 of Reference 2 (NW-AS Reactor Analysis Data Book' 
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TABU 3-1 

COMPARISON OF W S U R E D  A M ,  COMPUTE0 REAClOR P Q E S m  AIdo 
PRESSURE OROQS FOR 1% MAbiEM HYDROGEN FLOW TEST 

. -.. 
I 

Te%t *2e 
247.7f22.0 
21.5 i 1.6 
2ast2.0 

7.St0.8 
48.S i 3.6 

7tLSi4.0 
Tes8 i 2 e  
35Wt22.0 
111-0 f t i 4  
88.0 i 123 
w.5 i s5 
32.0t2.8 

Hald 2 
11.4 *1.9 

im 
ZU.4 
90.2 - 
& I  

45.6 

71.9 

T M  

339.7 
105.3 
a 2  
79.0 
33.4 

41.0 f 1.6 
39.s f 2.0 

1CS i0.8 
92.4 f 3-6 

14s tco  
1- t2e 

700.2 i22.0 
210.5 f t i 4  
168.0 i 12.3 
lSS.Si!LS 
63.0 f 2.8 

TNT 

457. 8 
38m4 - 
11.6 
87.7 

137.6 
1NT 

661.7 
203.9 
165,s 
154.0 
d6. 3 

1 

A m - - - -  

:‘-- W r m a U L m  
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rhtrc, 
W = aue rrei&t ( q i v o b  gqrhiteb Ib = 2460 Ib 

= sp;dfic heat of gnr(rhite (avoluded m J fuunct;on of -) bu/lboR 

C 

cP 
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Sbtion - 
8 
8 

8 

8 

8 

8 

0.5 

1.0 

0.5 

1.0 

0.5 

1.0 

TABLE 3-2 

RESULTS OF SIMPLIFIED ANALYSIS-POWBR COMPUTED 
FROM RATE OF CORE TEMERATURE INCREASE 

2.2 T.640.5A 0.107 56.3 0.96 

2.3 T.641.U 0.114 60.6 1.04 

10.2 T.645.5A 0.103 64.7 1.11 

14.7 T.646.U 0.082 49.6 0.85 

15.9 1.638.5A 0.069 42.8 0.73 

16.6 1.643.94 0.092 48.4 0.83 

1.2 T.619.5A 0.094 1 12.2 1.92 

1.1 T.666.SA 0.094 111.3 1.91 

16.5 T.650.5A 0.048 75.0 1.28 

16.5 T.624.94 0.062 %. 8 1.66 

17.0 f.669.94 0.094 94.1 1.61 

17.0 T.627.S.A 0.060 97.6 1.67 

*Nlecrsured nuclear power is 58.4 Kw 
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3.3.2.2.2 Oetoiled Amlysis 

A detailed reactor d l  d s t i n g  d 415 moten’al nodes was dewlopad 

to determine the relationship bgtween mte of care tempemhrre incDeosg d p ~ ~ l o g t r  fhe 

model was beloped far solution with the TWS oomputer pogmm Follollnrirrg i s  o k e f  

description of the teactor model d o campmison between test dota and calculation miults. 

4 

The ace WL represented by 286 matc&al nodes onwrged in nine dal 

sections. These sedions were furthet sukiivided into 26 axial nodes. The effect of cam Mid, 
between core elements, and channel spacing were cxmsided in specifyimg cooueticm 

heat tmnrfer resistones between m x k  ffm type of gas in the gops between care elements 

Ius a consideruble effeet on the thermal resirtom ofthe core to heat trader in the d i o l  

direction, for example, the d i o l  resistance of the care inaeoaet about four times for n i t w  

gen to helium A 30 SCFM h l ium purge was used duing the neubde aalihmticm 

test and tkefore helium rvos ; r r d  in the gap. The filler strips, k i t e  tiles, lotem1 

support seals, inner mflec+w> *& out.t reflector d pessure vessel were mpmsmtd to 

accurately simulote heat tr0rr;fer fmn h e  core to the reflector region. Mia t ion  heat humfar 

from both faces of the core w’t consiriered. ?he m i n i n g  components d the te~ctoo wwe 

represented with le9 detail. Iber  penemtion was specified fw all  -eta moten’al n- ;+i 

both d i a l  and mid p e r  factors were specified for the cwar nodccs. 

The temperoktes computed with the detailed hnodimensicml cor&*ction 

model #rere ampomdogoinst test data at two p e r  Iwells; one equal to mecrsured and the second 

10 percent above measured power. Comparisons between test doto and calculation results are 
shown i n  Figure 3-9 for core and inner reflector temperutures. Good agreement exis% far a 

p e r  10 percent above the measured nuclear pwwer. the slopes of the colculoted tenperaturn 

ant then nearly identical to mciosurd. In addition, the computed temperaturn are within 5 

degrees of the measured tempemtures except for station 8, d i m  2.2 inches where the maximum 
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A &toiled )teat transfer model of the 3w8 and reoctor i s  requited 

to s i m r h  teoctol twpmtwe  &ring law p e r ,  no flow di- 

tiom 

The E e l 1  power computed hwn rewmsible heat, bosed on the detailed 

model, was 10 percent greoter ifuan the meosurd nuclear pawer. 

Comporirtg measured nuclear power (linea No. 1) with t h l  

p e r  fa EP-Ill shows that best -ti& therm01 p e r  was 

between 10 to 13 percent greater than n u c b  p e r .  If ther 
mleor pmmr r d  been wlibroted by the EP-II therm01 p e r ,  

the! agrement of nuclacrr p e r  with best estimated thmml p e r  

during EQll l  would have been excellent. 

The reoctos purge gas hos o signifiwnt effect on the d i a l  core 

tempemture gradients. Nelium purge i s  preferred in ploce of 

nihogen because of i ts  greater thermol conductivity which mini- 

mizes the d i o l  temperature grodients. 

Significant d i o l  temperature gmdients can exist i n  the coce even 

at o p e r  of only 60 #MI. 
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Figurr 3-10. NRX-AS E P l l  Neutronic Colibotion Test: ‘401 Core Temp oture Profiles 
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3.4.1 Description d Rrwer Tests 

3.4.1.1 

The obpctive d the NUX-AS test series was to- ot des+p 

conditions for o t c d  time of 10 minutes. S e a m b y  0bieCt;vesuere to-a fixed 

burr rtatupfnwn Q lorr pawerdxxiticol d i t i t m t o  IIQQ full mad to evoiucte ttm 

opemtion at a ''no-flw l a p '  temputure amhdlcr, C h k  &-wives were to evohmte the 

Rlsdwrricrrl, noslea, t)renwl, ond control d*mcteristia d the reactor. 

Theoccunukkd nm time for two full parer tests- 1S.l m i r r u t e s h  

m 0 k  nozzle chanber ternQemhne d 30 .1  minutes above 370(r0R nozzle chanber teqaem- 

tvrc. The test was tsnninoted by the control drum P0s;tiar limit of 145 degrees becae 
pleting 40 minutst of nm time ot design conditions. This control drum position limit 

pdd to 2.2 dollas of cmosion reactivity loss. (See ?!iere.w 5 fa limit justification.) 

A fixed contml drum stlrtvp from 30 KW to ne01 design pawer was s u c ~ f d l y  oc&ishsd. 

fhe "nwflux loop" tenpemture corrtraller ai* ; u n c t i d  satisfactorily during the test series. 

The test profile desscr;pCiorrP wil l  emphasize recctor h l  and nuclsa 

performonce. All  significant perk:monce pornmeters ore disployed gmphimlly as a function 

d time. The folicrwing p v ; i  of figures i s  used for h i s  put- 
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* See Reference 6, Rage 4-1. 
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3.4.1.3 Test Rofile for EPlV  - 
The EP-lV stariup consisted of a f ixed drum stortup from 30 KW to 850 MV4 

power io:!crwed bv a controlled ramp to fuli power conditions using the "no-flux loop" temperw 

tupe controller. T h e  rJn wos initioted from 30 KvV by ih t  rototing the con?rol drum inward 

by 2.0 degrees 962.7 to 1N. 7 degrees) from the pre-run critic51 drum position. The reactor 

wos now slightly subcr;ti-l c:nd ;mequently power decreased to oppmximotely 20 KW bring 

he 20 second interval which elopsed before liquid hydrogen flow was initiobd. The flow wos 

increased io 10 Ib/sec using ACV-3 in position control. h e r  now started to inrreose as a 

result of the positive reactivity insertion caused by ;-he iiquid hydrogen flaw. The minimum 

reactor period of 1.8 seconds (a minimm period of 2 seconds hod been predicted pior to the test, 
-. e hr 'erence 18) o~curred Ot 0 power of 7 MW* m e n  the F e r  had increated to 20 MW, 

rhp *,re- zst power level selected to initiate the demand flavv profile, the flaw was romped to 
2 71.3 Ib/sec at on averoge rote of 0.82 Ib/sec . At :he end of the flaw romp, the control 

dnrms were rotated outward to 101.4 degrees to increase chmber temperature to 32!50°R. 

This operotion wos required to zero the temperature mor iefore switching to the "nwflux 

loop" temperature cantroller. The " w f l u x  I q "  controller was then activated and chamber 

temperature was ramped to design point conditions at about 50 /sec. The fixed drum startup 

was extremely smooth: the peak chamber temperotvre romp rote was 55 R/sec. 

0 

0 

Full power conditions were mointained using :low and station 26 tempera- 

ture 05 control inputs. Two slight trim adjustments in temperature, (one 50 R negotive ond 

one 50 R positive) and one :rim io increase flow rate were made during me hold. The run 

WQS terminoted after 13.5 minutes obove 4000°K 0 .Jmber temperature at the pre-test deter 

mined shutdown limit of o i45 degree* control drum positio?. The :h:?dem prafile wos 

identical to the one used during EPIII (see Section 3.4.1.2 for the dtrtriphn). 

0 

0 

The significant reoctor performance parameters ore shown in Figures 3-18 

to 3-23 for the entire test profile. Figure 3-18 shows nozzle chamber temperature, flow rate, 

power, and contro! drum position. The figure clearly shows the two chamber tempemture 

* See Reference 5 for the justificotron of t h i s  limit. 



trims and the flow rate tram near the start of the high p e r  hold. Nozzle chamber tempem- 

h~te  wos neorly constcn? during the high power hold wirh o variation from mean of less than 

50 R The rate of chwgtt of nozzle chomber temperature is shawn in Figure 3-19. ?he maxi- 

mum rotes were 60 Vsec during stcrtup, -65OVsec during shutdown before scram, cnd 

-lOOoR/sec during shutdown after scram. 

0 

0 

The reactor pienm (reflector inlet, shield, and core inlet) tempemtures 

in Figure 3-20 show a groduol increase during the high power hdd. The net increase of about 

10°R for each plensm i s  due to the unexplained increase in the reflector inlet tempemtun. 

The temperature of the central IC rod decreased by about 90% during the high p e r  hold. 

This chorocteristic i s  os expected, and i s  due to the cF 

tion with an t .  ,I drum roll out. Figure 3-21 shows o gradual decreose in systems' protam\s 

dur iq  this hold. The decrease i s  a b t  10 psi, for oll pressures axcept for the decrease in 

sea; chamber i 1 pressure which i s  20 pia. The system pressure drops are shown on figure 

3-22. The reflector, shield, and support piore wessure drops incteasea' s l i g h t l y k  t bn  

2 pia) during the hold. The nozzle tube pressure dron increased about 8 p i a  during 

the hold. The cause of this increase i s  not completely known at th is  iime; see Reference 7 

far a detailed discussion of the increase in reflector pressure drop and refkxtor inlet tempera- 

ture during the hioh p e r  hold. 

3e in the core d i a l  p e r  d i r t r i b  

The pressure differences between seals chcnged by o maximum of 7 psi 

during the hold; the seal chomber 11 pressure also decreased 

pressures (see Figure 3-21). A change in the seal pressure distributio i s  belimed due to 

corrosion effeck (see Section 4.3.1 for o more detailed explonotion). The efgects of control 

drum runout and core corrosion are evident in tile electricol averoges of core temprotures 

shown on Figure 9-23. The trace of the overage station 32 temperoture clearly shows two 

instances where measurements were rejected from the overage. 

a -+en the other plenum 
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Figure 3-19. NRX-AS E?-W Power Test Description: 
Average Chanber o d  cor0 hotior? 26 

Temperatures 4 Time M e  of Chonge of Chamber Tempemtue 
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Figve 3-22. idRX-A!i E P - N  Power Test Description: Compor#tnt Ressue D q  
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figwe 3-23. NRX-AS E F - N  Power Test Description: 
Cor. ulfueled Element Temperatures (Electrical 1. vxoges) 
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EP 

111 

111 

111 

II I 

111 

IV 

IV 

IV 

IV 

IV 

- 

TABLE 3 4  

Time 
Rest Estimated 
Therm01 Power 

25247.5 
25400.0 
25700.0 
2593.0 

26247.5 

12940.0 

13Pl2.5 

13242.5 
lm2.5  
13812.5 

229 
1119 
1051 

1089 

1081 

047 

1120 

1099 

1106 

1112 

M e o r u d  Power 
(Linea 1) 

201 

1015 

955 

980 

9%0 

t205 

1061 

1045 
1047 
1054 

Thermal/ 
h A @ u S u d  

1.139 

1.102 

1.101 

1.111 

1.103 

1.052 

1.056 

1.052 

1.056 

1.055 



3.4.2.2 - Description of Colcula;ion Procedure 

The procdfue for the wlculation of best estimted chanber temperohrre, 

flow &e8 and F e r  is &scribed belaw. A oomputet program WQS written to perform these 

colculatiom. The latest prohydrogen properties (See Reference 8) were used in the calcrr 

lotion. 

1) Stondord Deviation of Comprted pbrrmgkr~ 

The standard deviation of oll wl~loted pmometen wos oompuoed using the 
fol lawing technique: 

If the pammeter Y i s  of the form 

Y = f(X1, x* %. .... x n 
then the standard deviation of Y i s  defined by the quotion, 

S = standard deviation of compte$ pornmeter Y 
Y 

Xi = pornmeten and cmstmts used in the cal6ulation of Y 

S = standord Beviatio. of porometers and anstants used i n  the calcolr!'un of Y 
X. 
I 

The ane standard deviation of constants was assumed to be one percent of the value of the 

constant. 

2) Best Estimotes 

9 

The best estimate of pororreters which had more han one independent measurement 

and/or calculation was computed using the follawing procedure: 

n 
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wh=% 
YE = bestestimotedporometerY 

Y. = independent indicotions of pornmeter Y 

n = number of independent indications o' Y 

I 

= weighting foc?or for each independent indication of V Ai 

fhe weighting factors are computed os, 

* A. = 
I 

1 = 1  ' I  

where, 

S. = stondord deviations of' the independent indications of Y. 
I 

The standord deviation of the best estimate i s  then given by, 

where the symbols are os defined above. The shn8ord dwidtions of measured prometen 

were obtained from the combined instrumentation and dato system accuracies presented in 

References 10 and 11. 

3) Reactor Flow Rate 

Two venturis !FE-4 and FE-7) were used to ;neosure reocPor flow rote. The pressure 

drop OCCYISS each venturi was meosured by two independent transducers, so that there were 

four independent measurements of reoctor !low rote. The equation used to relate venturi 

pressure drop to flow rote was, 

W = K *  (p* AP) 

1 
2 
- 
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w he ;e, 

w =  
K =  

P =  

AP = 

reactor flow rate (Ib/sec) 

7.01 for FE-4 
6.98 for FE-7 

venturi inlet density evaluated from pressure and temperature measwrements 

(l%3 
ventu,; pressure drop (psi) 

The best egtimote of reactor flow rate wos calculated by the equation, 

4 
W6 =c W.*A,  

1 1  

i =  1 

where, 

W6 = best estimated reactor flow rote 

W. = individual flow rote measurement 

Ai 

I 

= weighting factor for each individual measurement (The method used to 

calculate weighting foctors w a s d i s c d  previously in item 2) 

Another possible irdicotion of reactor flu& rote i s  the flow rote colcutated usfw 

the choked nozzle equation with measure4 nozzle chamber temperature and presunt. H o u r  

ever, this estimate of flcw rote was not used in  the best estimate calculation b e c w a  ths 

f' w rate computed in  this monner has a much greater standard deviation than the ventur. 

calculations, For example, the standard deviation of flaw rote calculated by the choked 

nozzle equation at the first f'uli power hold of EPlll i s  2.50 Ib/sec compared to a stodord 

deviation of 1.00 Ib/sec for the average calculated venturi flow rote. 

4) Nozr le Chamber Temperature 

There were four independent measurements of nozzle chamber temperoture. From 

these four measurements, an average measured chomjer temperature was calcLcated by the 

q u o  t ion, 
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4 
? C =E 7. I *Ai  

i=l 

where, 

1. = inuividual meas~rements of chamber tempemfure (T, 138. 94, T. 139. SA, 
I 

T. 140. !iA, 1.141. SA) 
= weiqhting factors for each individual measurement Ai 

Another estimate of chamber temperature was computed using the best estimctec! reactor 

flow mte, measured chamber pressure and the nozzle choking equation, 

where, 

7 

P = statistical r;vemge measured chamber pressure (pia) 

2 AE =effective throat area (58.46 in ) 

= computed chamber temperature (OR) 
cc 

' (P. 152.54, P. 154.5A, P. 156. SA, P. 7M.M 

2 = gravitational constant (ft - Ibrr/lbf - sec ) % 
M = molecular weight of gas (2.016 Ibq/b mole for hydrogen) 

k = specific heat ratio 

R = universal gas constant (1545.4 ft - Ibf/R Ib-mole) 

W = best estimated reactor flow rote (Ibm/sec) 
B 

The best estimate of chamber ter,,xrature was then coiculcted by the equation, 



where, 

= best estimated chamber temperature TJ3 

A, = weighting factor for measured chomber temperature 

A, = weighting factor for ,omputed chamber temperoture 

f ond T ore as above, and where ths weighting factors are computed as 
C CC 

dessrib3d in item 2. 

5) Reactorl’hemmlPower 

The energy equation used *o colcukte the reactor them1 power is: 

QR = 1.054 x IOo3 * WB * (hc - hRI) 

where, 

3.4.3 

Q = radar thermai power ;MW) 
R 

WB 

h 

hRI and pressure (Rtu/lb) 

best estimated reactor flow rate (Ibisec) 

= nortle chamber enthoipy based on best stimates of chamber 

= reflector inlet enthalpy based on avsrige reflector inlet temperatLve 

temperature and pressure (Btu/,o) 

ison of Transient ond Steady S b t e  Test Dnha with T h T  Calcu- %zz 
The purpose of this section i s  to L3rnpQre NRX-AS reactor performance test 

measurements with post-test C~ICUIQV~OT.:. The comparison IS mode I;.: Dot h trar;ient 

and steady state operatioh, and the poxmeters compared inciude reactor temperatures, 

pressures, presswe drops and either poww or control drum position. p i s  section ;s 

divided intc four subsections: 

I) reactor model ustd for %e calculations 

2) tmnsient comparis~ns 

3) steady state comyxrrisom 

4) discussion of performance parameter comparisons 
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In summorl, the canprisms between test dota o d  past test colcubtiorrr om 

d l y  good for all poromet&n. I- in the core tempemturn caleubtions 

owl the reoctiwity feccbeck colcubtions over romt portions of tke operrrting map e n  still 

requid ond ore n m ~  being investigotcd 

3.4.31 TNT Reactor Modti fa- Calculat'kns 

The T N f  (Therm01 and Nuclear Transient) sak was d for the post test ad- 

mothel d f a  the tmmient 

revisions weere nude to this r&actor 

cubt im of the performonce prrwneterr. The 'fNT 

colcuiotions is described in Reference 2. 

mabrl prior to the ti- o+ which the s t e  itate colcubticns wer~! mode. These misi- 

included the following: 

I) Rcvisim OTaxj~l metor dirtributin to simu'he thot d 
Reference 2, * 

2) Rc\risim of the hrrbvlmt gm convective hwt trans'eckaktiorr. 

3) The fuel cbnnel inlet lodo coefficient WOS removed and t)le orifice 
bop is computed % d i n g  to the flow- test dota *own in R e f e m ~ w ~  12 *** 

4) The t ie rod chomel iniet laao cdf ic ient  was (Rode o function of tie rod 
flow Reyn0ld.s number. 

See Index D. 5. a. 2 

** See Index E.5.g. 12 

See Index 1.4. e. 2 *** 



3.4.32 T m h t -  isom 

thrse tmmsients of the test series were sebcted for pt-w arlcu- 

kt'm md corrp#'sa, with test dota. The toble b low describes there :mnsients and the 

input to the colcubtion for each tmmient. 

RUN DESCRIQnON 

EP-III shmtup to full power 

EQ-IV F i i  d N m  startup 

EP-IV s)nffQnnr 

INPUT 

Reactor power, flow mte, and n a ~ ~ l e  
manifold inlet enthalpy 

Gntrol dnm pasition, mctor flow 
m t a  and manifold inlet b I p y  

R a -  power, f law mte d nozzle 
monifold inlet entholpy 

lhereodorpwmrinputzweretakenfmmLineorPowerNa 1 measumnentsond 

comectd to the best estimated therm11 power at oppopiate full p e r  hold points. 

The reoctol flow mte inputs were taken as the avemge of the post test computed FE-4 

and FE-7 ~enhrri flow mtu for liquid flow and as the computed FE-IO venturi flow rote for 

p s  fkm. 
The control drum position input was oko obtained from test mcosumnents (digital datu). 

A brief descripion of the comporirons for gach tmnsient follows. 

Only the FE-7 flow mte r r a ~  d when A C V 4  wlo~ open (see Figwe 3-1). 

I) EP-lll startup to full power 

The iqmt to the calcubtionr and the comporifon of the colcukrtions wi th  

tmt &to for this tmnsierrt are shown on Figures 3-24 to 3-29. As these figures show, the 

caleubtions ogm rwsemobly well with test &to for oll pm-umeters. 

2) EP-IV Fixed drum startup 

Figwa 3-30 shows the input flow rote and control drum position, and the 

csnporison between test data and calculations for mctor power and nozzle chamber 

tempetuture. 

at 2.0 degrees in from the cold criticol pasition, while the 

Ibs/ses. Then the drum were moved outword 3.7 degrees and held fixed for 20 seconds 

&ring the first I20 seconds of this transient the control dnms were fixed 

w was romped up to 70 
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until he  lo f l u x  IOOQ" temp~r~hrm controller wos oct ivo td  Colculohed powec is in 

good agreement wi th measured power up to 35 percent of full power. Howewer, dnrvo 
this p e r  level the comQutQd ond meowred p e r  d i i e  by as much 05 ten pmtmr. 

This poor ogeement is the m l t  of the inoccurocy of the nmctiwity feedboek ealcu- 

lotions in the Qortion of the opmoting mq, tmwt~& &ring this stortup 

of the reoctiwity feedback caleubtiaa wries sigrificontly over the opemting mop ab 

can be seen from R-e 13. fhi dewncs shows a comparison between predicted 

and meo~urd mct iv i ty  f d c k  o v t ~  tb V i r g  m ~ p  for the I\Iu(/TST m; ab ,  

the reference shows that there is only one line on the operating mop on which the pe- 

dicted mct iv i ty ogreer with test doto (zero ecr~l reactivity f-ck line). This accounts 

for the difference in the OGCWUCY of the reactivity feedbock calculations behueen the 
EP-Ill and LP-IV stortup since the EP-Ill s t o w  trovdfcsed the operating map by a path 

which wos mxart?r the zero er01 reactivity feedback line than the poth tmversed 
in the EP-IV stortrrp. Ab a result of the poor accumcy of the reactivity feedback ccrlcu- 

kiom for the EP-IV startup, the caIcuIoted chOmber tempemtue is greater than 

meowred at the conclusion of the fixed drum startup compOrioons were not mo& for 

other perfonncrnce pornmeten becote the differences between ~Ompned and measured 

p e r  would moka such comparisons questionable. 

The occurc3cy 

3) EP-lV Shutdown 

This transient i s  the shutdown following the second dumtion test of the WX-AS 

The input, power and flow rate, and the comparisons of arlculcltiom with test reactor. 

dota ore shown in Figures 3-31 to 3-36. The comporisonr for all porum&m ore reasombly 

good until the switch f m  liquid to gcrseous hyd- flow occucs (obout CBf 13871.0). 

* See page 6-66 of Reference 13. 
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The difference beowcarn ca lcubtd and test wolutis ofter the switch to ~ a s ~ a n  flow m y  

be 0rti;bOted to the uncertainty in Min ing the woct time of the switch to the a- 
csrtointy of the tompus .d flow rote for sever01 secartds oft= the switcn. vhe 

flow mte ot the FE-IO venturi was used; however8 the cooling effect of the liquid 

downstream d this venturi at the time KY-41 opened was neglected in the ccrlcukrticm- 

Hence, the measured tfrmperotums ore lower than coteukrted for sgvgnrl seconds dter 

the switch. 

POSO test TNT calculations were mode for four steody state times bring the 

NaX-As test series. 

power hold and one full power hold. 

hold d EP-IV (12940 second CRT time) ore not completely steady state; however, this 

point was included b u s e  it is referenced in  other chaprers of this report. 

for oddi t iml  points were not considered necessary since the power ond flow r e m o i d  

approximately constant for the duro*ion of eoch hold; the only changes b r ing  eoch 

hold were corrosion effeck which are not simulated by the TNT iwogmm. Best estimated 

reactor flow mte ond calcokrted reactor them1 powerbosed on best estimates of flow 

mte# nozzle chamber conditions,and reflector inlet conditions were input to the TNT 

colcubtion Tor these steady state points. Td le 3-5 presents the comporisorrs between 

test dota ond colculations for al l  performonce pmmeters. This table shows thot the 

colcukrted results agree with test measurements remarkably well  for oll  but a few pom- 

meters. The worst cornparisam are for the unfueled element temperatures but even most 

of these calculations foll within ten percent of the meosurernents. In summary8 the post 

test TNT colculotions of the NRX-A5 steady stote points agree sctisfoctorily with test 

measurements. 

These consist of two points for each experimental plan; OW portid 

The reactor conditions for the intermediate power 

Comporisarrs 
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TheOpemtmr beween c~l~ubkdandmaus~red plenur:mqmuhm~ isgood 

for nwrly all of the canprison points consicbred. Thtt only ~lrlcuMed plemnn temp- 

emturo~ which ore not within abaat five went of the measured wolues ore the rdflector 

inlet ond core inlet rempmrms ot the low p w e r  steady state pi* d EP-lll (CRT 

25247.5) ond the reflector inle? teinpemturec during the fint forty d OC the EP-W 

&down. The low calcubted reflector inlet kmpemture ot low reactor p w e r  level b 

been noticed in p i a n  r a  4 investigation of the colcubtions hor been made; 

however, no utiskrory modificatian to the caleubtion to impowe this s'lhrotion has yet 

been found. i n e d  

about ten degrees for unkmmn reasons. (SeQ derence 7 for a detoiled dkcuseion). Rat 
of the difference b&ween compnsd and -red plenum tem(m0tVret &ring th EP-IV 

shutdown isb to th isunexp la id  i- in the reflector inlet tenpcmture. This in- 

ct~ose in meowred reflector inlet rmperoture is  responsible for cmponding differences 

in the dome ond core inlet comparisons. 

k i n g  h e  full power hold of EP-IV, the d l e c h ~ r  inlet 

b) Plenum Reuures (Nozzle Torus, Reflector Inlet, Refleetor -I&, 
Dome End, Care Inlet, b l e  Chamber) 
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GlcuW plerrun pressures are in good -t with t e s t  doto except 

during the ten seconds of the EP-IV shutdmm subsesugnt to the time or which ths reoetor 

WQO scmmmd (CWT 13859.C). The c a l c u ! d  pressures ore within obout three pmmt 

of the tesr dota for t)re steady state points and within about five pmmt of test tbto 

&ring all but ten seconds of the transients. In view of these goodmpemmts it may be 

concluded that plenum pasure calculations are sat'lsfactory. 

5 can~orison b e e n  colcubted arrd measured component pressure 

dl0p6 is good for b d l  tmnsients and the four steody s M e  points cartsidered. 

colabred pmsstm drape agree within fiwe percent of measud values for all &a 

casidsred. For the stcmdy state points the campariton for the dlectot and core pressure 

dropd are especklly good; the wolft comparisons ore 33.4 psi cunputed a d  32 1 psi 

measured for the reflector, and 120.8 pi0 cornprted and 118.0 psi memured )a the - m re- 

lhe 

lhe ealcubkd care station tempemms show masonable good agreemgnt 

thon IO percent) with test doto for the EP-Ill startup ond for the two steody points 

at the start of EP-Ill. The differences ore greater bring the EP-IV shutdown which oe- 

c u d  after signifisont cormsion. The effect of conosion on these tempemtunrs i s  not 

consided in the fCdT adcubtion. 

of m a ~ l s u d  care tempemtwes between the two full p e r  steady state pints; thot is, 

the measured unfueled element temp&mtum i n c h  by 25 to 125 degree from the 

star? d the EP-Ill hold to the start of the EP-IV hold. For this reason, the comparison of 

calculotd ond meosud  stution tempmtures should be restricted to EP-Ill. In addition, 

the comoorisons of these tempemtuns for the stmdy state points ore better thon for the 

tmnsientr. The revised axial F e r  distribution and convective heat tmnsfer cada t ion  

mentioned inSection 3.4.3.1 were used for the steady state calculations. h e  revisions 

have brought the calculated unfwled element temperatures into better agreement with 

-.ass comsion effects are evident by the differences 



test doto than they were previously. However, even with these new revisions, the ecl- 

culated core tempemtuns are not of the same order of aceumcy as other calculated 

pornmeters. 

used to represent the unfueled and fuel elements in the TNT program. For exomple, 

the gop betweea b l e d  ond unfueled elements varies with core axial loeotion; how- 

ever, a constant gop is used in the TNT progrorn. In addition, the heat tmnsfer cormlotion 

probobiy does not hove the same accuracy over the entire range of conditions encountered 

in the core. 

fiobobly the major reason for these differences is the relatively simple model 

It should ako be noted that some of the calculated unfueled element tempem- 

tures agree better with test doto than others; for the steady stote points, calculated 

stotion 8 and station 20 temperatures differ with test data by 3 to 10 percent, while 

stotion 26 differs by 3 to 8 percent and station 32 differs by I to 7 percent. 

e) Tie Rod  Exit Gm Temperature 

The coIculated tie rod exit gas tempera'ure agrees within ten percent of 

test data over most portions of the transients and within five percent of test doto for the 

steady stote pints. The better agreement for the steady state points is a result of the 

re\rision of the tie rod chonnel inlet loss coefficient as was mentioned in  Section 3.4.3.1. 

This revision wos used in the steady state calculations but was not available for the 

transisient colculotions. The revision allows the loss coefficient to vary with the Rqmlds 

number of the tie rod channel flow; thus the tie rod chonnel flow and its exit temperature 

are mote accurately calculated. In view of the good agreement b e e n  colculoted and 

measured tie rod exit gas temperature using the revised loss coefficient, this calculation 

appears to be sotisfoctory. 

r) Control Drt..n Bank Position 

The calculated control drum position agrees reasonably well with test data. 

Comparisons for this parameter were mode for the transients only. The maximum deviation 

of colculoted results from test data i s  4.5 degrees which occurs during the EP-IV shutdown 

(CRT 25125.0). 
better reactivity feedback equations are developed, as was mentioned in Section 3.4.3.2. 

The accuracy of the control drum position calculation w i l l  improve if 

a -A - - 
'. q- r v r r U  
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Figure 3-24. NRX-A5 EP-Ill Startup Comparison: 
Power Flow and Chamber Temperature 
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figure 3-25. NRX-A- lP-111 Startup Comparison: Tie Rod and Plenum Temperatures 
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Figure 3-26. NRX-AS EP-Ill Startup Comparison: Plenum Pressures 
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Figure 3-27. NRX-A5 EP-Ill Startup Comparison: Pressure Drops 
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Figure 3-28. NRX-A5 EP-Ill  Startup Comparison: Core Station Temperohms 
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figwe 3-31. NRX-AS EP-N Shutckwn Comparison: Power Flow and Chomkr Temperature 
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Figure 3-35. NRX-A5 E P - N  Shutdown Compor'mn: PRSJure Drops 
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Figure 3-36. NRX-AS EP-N Shutdown Comparison: Control Drum Bank k i t ion 
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3.4.4 Decoy Power Analysis 

3.4.4.1 summary 

The decay power was computed from test data obtained during the cool- 

down following the first power test, EP-Ill. 

foctwily with the decay power computed by Revis ion i of the 5-4 prediction code. * The 

scope and detail of the decay power calculation wcx restricted by a bck of udoble test 

&to. However, the onolysis indicated several modifications to the data d i n g  intervak 

which would greatly improve the scope of the decay power analysis. 

The experimental decay power eompo~ds satis- 

The following data are contained in th is  section: 

1) Description of the cooldown. 

2) Description of the decay power calculation procedure. 

3) Comparison of calculated (from test datu) decay p e r  with &cay 
power predicted by Revision 1 of the 5-4 (Fission Product Engn 
Release) code.* 

of the analysis. 
4) Modifications of the do- recording intervals to increase the scope 

3.4.4.2 Description of Cooldown 

The measured nuclear power profiles for each EP are shown on Figures 3-12 and 
6 3-18. The integrated power (based on best estimated thermal power) is 1.10 x IO 

for EP-Ill and 1.06 x IO MW-sec for EP-IV. The equivalent full power (1 120 MW) npemting 

times ore 16.4 minutes for EP-IIIand 15.8 minutes for EP-IV. 

stricting the analysis to EP-Ill was the similarity in the two power profiles. 

MW-sec 
6 

One of the reasons for re- 

~ ~~~ -~ -~ 

* Two versions of the S -4 code are available. The original 5-4 code assumes that the de- 

coy curve for the beta energy release rate following fission is the same as the decay curve 

for gomma rays; i. e. both have the same time dependence. Revision 1 uses separate time 

dependence for betas ond gammas. 
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Following each power run the reactor was "pulse" coded with liquid nitrogen. 

Approximately 20 pulses were required to complete each cooldown. lobular summaries of 

the pulse cooldowns including reactor tempemtuns before and after pulse flow are included 

in the Three b y  Reports. 90 lo Flow wm generally initiated when the average core st3t ion 

8 temperature hod imreased to 9oooR and WQS discontinued when the averoge tie rod marerial 

tempemture hod decreased to 4*, The average flow rate during a pulse was about 5 

Ib/rec. 

Approximately 900 pounds of liquid nitrogen m i n e d  in the line between the 

liquid nitrogen ON-OFF control valve and the nozzle manifold at the conclusion of each 

pulse. This quantity of liquid nitrogen slowly vaporized and cooled rhe reactor for several 

minutes after the conclusion of a pulse. Consequently the reactor was cooled to temperatures 

less than phnned; after some pulses core temperatures were near 2o$R. 

3.4.4.3 Description of the Calculation Procedure 

Data recorded during short time intervals before the initiation of liquid nitrogen 

flow were used to worm the decay power analysis. Core temperatures during these inter- 

va ls  were near their highest value during cooldown and consequently were the most accurate. 

A three part calculation was performed to compute decay power from the measured 

reactor tempemtures. One, the increase in core sensible h a t  was computed during intervals 

without coolant flow. Two, the energy loss from the core by radiation from the faces, by 

convection to the purge flow, and by conduction to the reflector region was computed for 

the same time interval and added to the sensible energy gain calculated for the core. The 

third port of the calculation consisted of dividing the net sensible energy gain of the core 

by the time interval used for part one, and by the fraction of core power to total reactor 

power. The calculation i s  described in more detail in the following paragraphs. 

Average axial temperature profiles at two times during intervals without coolant 

flow were used to determine the heat stored in the core. A l l  core and tie rod measurements 

were used to determine the average axial temperoture profiles required for the calculation. 

As a first step, average radial material temperatures were computed at each instrumented 

core station. For core stations 8, 20,26, and 32 least square curve f i t s  of the measured 

- a - m m - m - - - - - -  

r o r r w r , i Y  11- 
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temperatures 05 a function of radial location were determined and used to compute weighted 

average radial temperatures. Figure 3-37 shows typical radial temperature profiles for core 

stations 8 and 26. These radial temperature profiles were measured shortly before the start 

of a puke. Relative to the EP-III power tuns, these temperatures occurred 15766 seconds 

(4.5 hours) ofter s c m  and correspond to a computed decoy power of I90 KW. 

Avemge temperatures were computed by integrating the area under these mdial 

tuwe fits. Arithmetic averages of the t h e  care station 1 measurements were used to 

determine the average temperature at core station 1 and overages of all tie rod exit thermo- 

couples were used to determice the avemge temperature ot core station 52. A least square 

curve fit of third degree WQS then constructed as a function of core length using these 

average temperatures for stations I ,  8, 20, 26, 326 and 52. Two typical oxiol temperature 

~rofi les determined with this procedure are shown in Figure 3-38. These profiles are for the 

start and the end points OF a 50 second interval without coolant flow. The temperatures 

occurred at 0.4 houn after scmm and correspond to a computed decay power of 2237 KW. 

The increase in core sensible heat was determined by calculating the change in core enthalpy 

corresponding to two such axial temperature profiles. 

The energy lo# from the core by conduction to the reflector region, radiation 

from the end faces, and convection to the purge flow was computed for the same time inter- 

val and added to the sensible energy goin of the core. For the reactor temperatures ex- 

perienced during cooldown the energy loss by radiation from the faces and convection to the 

purge flow was negligible. The energy loss to the reflector region was determined for the 

Same time interval used for part one of this calculation by first computing the sensible energy 

gain of the inner reflector and then subtracting the generated energy. An inner reflecto? 

power fraction of 2.6 percent of total reactor power 'see Reference 2) was used. The cal- 

cuioted energy loss from the core to the reflector wi th this procedure ranged between 70 and 

30 KW depending on time during the cooldown. 
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TABLE 3-6 
MX-AS EP-Ill COODOWN: COMPARISON OF DECAY 

POWER COMPUTED FROM TEST DATA WITH PREDICTIONS 

Decay Power (MW) * 
Time After Scram, Predicted Computed 

Seconds 

1661 

2266 

2966 
3891 

751 1 

11216 

15741 

2230 2237 

1650 1658 

1230 1372 

920 1015 

445 453 

270 270 

181 191 

Predicted 
Computed 

1.00 

1.00 

Q 90 

0.91 

Q 98 

1.00 

Q 9S 

* Decay p5wer predicted with "new" 5-4 (Fission Product Energy Release) code. 
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The third part of the calculation consisted of dividing the net core energy gain 

during intervals without coalant flow by the corresponding time interval and by the fraction 

of core power to total reactor power. The fraction of core power to total reactor power is 

a functix of time after SCI 7; a value of 0.92 was used for the calculation which applies 

to the time range OF this calculation (1500 i o  16000seconds after scram), 

3.4.4.4 Decay P o w r  Comparison 

The decay power was predicted with the S-4 (cission Product Energy Release) 

code. Two versions of this progmm are available. Decay power data for the S-4 code 3 

given in the MX/EST Dch Book and fo; Revision 1 is given in the MX-As Oata Book 

(see References 12 and 2). The predicted decay power using both versions of the S-4 code 

Revision 1, (solid curve) is approximately 3G percent greater than the S-4 code (dashed 

curve) in the intervai from 1000 to 10,000 seconds after scram. At 80,000 seconds both 

programs predict the same decay power. For greater times after scram Revision 1 predicts 

a lower decay power. 

The computed decay power is  compared against predicted decoy power for EP-Ill 

in Figure 3-39. The computed aecay power ranges from 2234 to 191 KW and covers a time 

ronge from 1660 to 15740 seconds (0.4 to 4.4 hours) after scram. A tabular comparison of 

the some dot0 i s  shown on Table 3-6. 
ranges between 0.90 and 1.00 with a mean ratio of 0.96. The computed decay power is 

therefore an average of 4 percent greater than predicted. This comparison is  satisfactory, 

and indicates that the 5-4 code Revisim 1, accurately gredicts decay power over the 

range of conditions analyzed. 

The ratio of predicted to computed decay power 

844.5 Recommended Changes to Data Recording Intervals 

During the NRX-AS cooldown, the data recorders were started 30 - 120 seconds 

before flsw was initiated and stopped about 60 seconds after the valve was closed. Ad- 

ditional short recording intervaIs are recommended during the intervals between pusses. 
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Eitk-r stoticn 20 cr 26 should be monitored, o d  10 to 20 ~condr of dpta should be reconled 

after eoch 50 to lm incruse in the numitored tempscoturn. 

8 decoy p w e r  calculotiom of the type described during the intenmk between oll p u k ;  

which w d d  greatly increase the scope of the micubtion. 

This &ta would pemi? S to 
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TABLE 3-7 

-Y Of COLD FLOW RUNS, QOWER WNS, AND ADORTS W I N G  NRX TESTING 

T a r  kria 

NUX-A1 e - l l  

W-Al EP-IV 

NUX-A1 EP-ll 

--AI EP-IV 

--A2 EP-16 

Pu(* EP-iV 

r4RX-M EP-V 

NRX-IW LP-I 

NRX-A3 EP-Ill 
W - A 3  EP-IIIA 

--A3 EP-IV 

=-A3 EP-V 

NRX-A3 EP-VI 

NRX/ESl EP-1AP 

NWmT EP-1APP 

Mtx/€sT EP-lA4 
W T  EP-llb 

Nlur/ar EP-IK 

NRX/EST EP-Ill 

NRX/EST EP-IV 

NRX/EST EP-IVA 

NRX-AS EP-Ill 
NRX-As EP-IV 

TOTAL 

No. d C d d F I w  

2 wm 
2 uim 
4ColdHyd 

3 Cold H-d 

2 WYO - - 
2 LHYD 

2 LHYD 
1 LHYD 

-- 
a 

28 

u- 

1 

1 

1 

15 
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2) NRX-A3, E*-VI Uopping Test 

b 

The mior obiti- d EP-VI to EUJP the intermediate pcmsr 

and the fixed co~rtrol drum pitim ~ a r - 1  Rlodss. TWO opreting reg'- bd)r in the 

fixed o ~ t r o l  &un testsrrore perfamed. The first one amsisted of0  f i d h  s t a r t u ~ f m n  

1 MW to 3SMW wing00 to7.S Ib/= liquid hydmgen flm 

tort p d o m d  the 4 of EP-VI. Sming from apposricipte s t t d y  state conditiom 

A fixed dnm mapping 

of i? Ib/secad S M W ,  flow was ramped lo 47 Ib/sec, held fw 4Osecomis ad then mmQgd 

dcrrrn k 20 Ib/sec. The resulting 7 variation was fmm 50 MW, td 310 MW8 md bock to 

100 MW. 

?) NW/m 

The fdlwing trro fixed control bun pi t ian  tests  or^ &scribed 

with ~ t e r  &ail in Referwue 13." 

a) EP-IIC Run 1 Storty, 

This nm caaisted of a bootstr~  IO inrcmwiiak p e r  with 

fixed control bucia A flow r m ~ ~  from near 0 )a 37 Ib/% reGW in o power imr- from 

1 t025oMW. 

b) EP-IV low Oemrr Presswe btstmp 

The hotstrop IO the first hold acs performed in the fixed 

eontrol drurn p i t i c m  mode. A flow mmp frun near 0 to 39 Ib/w resulted in a power 

inuemefmrnlto240MW. 

4) NRX-AS, EP-IV Stortup 

The EP-IV fixed drum stortup is discussed in detail in Section 3.4.1. 

A flow mmp to 70 Ib/= resulted in o p e r  increase from 30 KW to870 MW. 

The power profiles f s  five of t b  runs ore summoriaed on Figure 

3-41. Thee  of t k s e  profiles qxesent fixed drum startups8 and the remaining two V t  

mopping with fixed c~ntrol drums betweerr stready state conditions. During all runs the pww 

See pow 3-15 and 3-42. 
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reynwded smoo;x+ d pedicbbly to chonge~ in flow rote. The maximum p e r  attained 

k i n g  fixed drum slortupa WOS increored s i g n i f i i t l y  during t k  Wsting progorn from 40 M W  

for A3, to 29O .W# for EST, and to 870 PAW for AS. 

3.5.1.2 Key fwirwnwrrtul Codtiom - 
A summuy of key envirarrner+o1 conditions of the NW-A3, NrU(/E3T8 

d W - B S  tests i s  dwwn on Table 3-8. The s u n ~ y ~ c y  carsists of occumulad run time 

betweem specified nozzle choclrber, uxe statim 20, and cote statim 26 tmpemture inter#rls, 

apivolent MI parrsr rodiotiorr times, monimwn p e r  ad flow rates, moxirnurn ramp rotas, 

<Iwj maximum berylliun temperatures b e h  statup. Tables 3-9, 3-10, and 3-11 pesent 

times above c b b e r  rempemtue, and core stoticm 20 d coce storion 26 temQenrhrres in 

ggoter detoil for the NRX/En and NRX-AS tests. In Table 3-9, the orithetic aver- of 

the four ~hocnber t e n p m b e  mgmutements was used for NU-AS and the on line compu+d 

electric cveruge wus used far NRx/EST. The times given in Table 3-9 hove not been corrected 

for the effect of lobline drift cm ~hamber temperature. The effect of labline drift is a decrease 

in the mesurd chomber tempemtue. Carmtiar far labline drift would increase NRX/EST 

chmber tenpwotwe a maximum of IIOR, ~ n d  NRX-AS c b t m  temperature by a maximum 

of 16%. 
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Figure 3-40. Comparison of Nozzle Chamber Profiles During NRX Testing 

TOTAL RW TIME - MINWN 

3-86 



TIME FROM INITIATION OF FLQW PROGRAM - SECOFJDS 
61 1615-155B 

Figwre 3-41. Summory of Power Rofiles During Fixed Control Drum Testing 
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TABLE 3-9 

DETA!LED TIMES ABOVE CHAMBER TEMPERATURE FOR NRX/€ST AND NRX-A5 

lie 

1.4 
2.1 
2.1 
2.1 
8.3 
11.9 
22.4 

24.5 
24.8 
24.9 
25.0 

IK 

.3 
1.1 
1.6 
3.1 
3.3 
3.5 
4.5 
22.2 
27.2 
28.7 
47.2 
64.8 

NRX/€ST 

111 

.2 

-6 

.7 
1.6 
1.3 
1.4 

1.4 
1.6 

3.6 
7.4 
12.8 
13.4 
13.5 
13.6 
13.7 
13.9 
14 0 
16.3 
17.8 
18.4 
18.5 
18.6 
18.7 
18.8 
18.9 
18.9 
19.0 
19.3 
20.6 

IV 

. I  

.8 
3.3 
5.5 
11.5 
15.1 
IL 1 

15.2 
15.2 
15.8 
15.8 
15.9 
15.9 
16.0 
16.3 
16. I 

16.4 

16.5 
16.5 
16.6 
16.6 
16.7 
16.7 
17.5 
17.7 
17.7 
17.8 
17.9 

IVA 

7.6 
13.2 
13.6 
13.6 
13.7 
13.7 
13.7 
13.7 
13.8 
13.8 

14.2 
14.2 
14.2 
14.3 
14.3 
14.3 
14.6 
14.7 
14.7 
14.7 
14.8 
14.8 
14.8 
15.0 
IS. 3 
25.3 
15.4 
15.4 
15.5 

Totd 

7.8 
13.9 
15.1 
18.5 
20.6 

26.6 
30.2 
39.4 
32.6 
36.4 
42.8 
43.4 
43.6 
43.8 
44.0 

44.2 
44.7 
47.7 
51.5 
53.3 
55.1 

55.4 
62.0 

66.9 
96.3 
103.6 
105.6 
124.6 
143.8 

111 

.5 

.6 

9.3 

11.9 
14.8 
15.4 
16. I 
16.3 
16.3 
16.4 
16.4 
16.5 
16.6 
16.7 
16.7 
16.8 
16.9 
17.0 
17.0 
17.1 
17.1 
17.2 
17.2 
3.7 
19.3 
19.5 
19.8 
19.9 

NRX-As 

IY 

2.3 
14.2 
14.5 
14.5 
146 

14.6 
14.7 
14.8 
14.8 

14.9 
14.9 
15.3 
15.4 
15.5 
15.6 
15.7 
15.8 
15.9 
16.0 
16.1 
16.2 
14.3 
16.3 
16.4 
16.5 
16.5 
16.6 
16.7 
16.7 

t0r01 

2.3 
14.7 
15.1 
23.8 
26.5 
29.4 

30.1 
30.9 
31.1 
31.2 
31.3 
31.7 
31.9 
32.1 
32.3 
32.4 
32.6 
32.8 
33.0 
33.1 
33.3 
33.4 
33.5 
X. 6 
35.2 
35. 8 
36.1 
36.5 
36.6 



TABLE 3-10 

QFTAIUO T I M $  ABOVE CON STATION 20 TEMPERATURE FO!t NRX/EST AND NRX-A5 

A6 
1.2 

1.4 

1.4 

2.5 
4.6 

'3.3 
12.4 

13.6 
13.8 

1L9 

15.2 

15.8 

0.1 

2 9  

4.7 

7.0 

11.9 

13.8 

14. r 
14.4 

a. 0 

15.5 

15.6 

15.7 
19.8 

15.9 

15.9 

16.3 

9.6 
12.8 

1LO 

13.6 

13-6 

13.7 

13.7 

13.7 

13.7 

13.7 

1L.8 

13.8 
14.2 

14.2 

14.3 
14.3 

14.3 
14.4 

14.7 

9.6 

12.8 

1x0 

13.7 
16.5 

18.4 

21.3 

26.0 
2889 

29.2 

30.7 

a 4  

a 5  

42.2 

43.6 
a9 
44.1 

45.5 

46.8 

4. 0 

6.6 

9.2 

12.8 

1% 5 

15.3 

15.6 

15. 7 

16. 0 

16.3 

16.4 

16.4 

16.5 

16.6 
16.7 

16.7 

16.8 

16.9 

.. 

6.2 

12.7 

14.4 

14.5 

14.0 

11.5 

I 4  7 

14.: 

14.7 

14.7 

14.8 

14.9 

14.9 

15.1 

15.4 

15.5 

15.6 
15.7 

15.b 

15.9 

16.0 

6.2 

!?. 7 

14.4 

18.5 

21.2 

23.8 

27.5; 

29.2 

30.0 
30.3 
30.5 

30.8 
31.2 

31.5 

31.8 

32.0 
32.2 
32.4 

32.5 

32.7 

32.9 
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3.5.2 R e f l e c ~  Heating in NRXfiST and NRX-AS 

T-hn mynunetria were oh#mbd in all pl(dlu of tk WX/ESl -tor with 

moximum tempcrottm~ in the sector adiocent to the privy roof mounted shidd (PRMS). An 

increase in tcrmperatucr in this sector was expected beams~ of the odditiml heating b 

tke W S *  but rht nrogritudc of the *ad amhie was mter thm pdictd. T h l  

data froRl all reactm were analyzed in on attempt to icdate the t k t  of the PRMS on thr 
po(rver gemmation in t h  periphael components, ire., all ~eoctur corngawcnts offectd 

c d m t  between the reflectur inlet plenum and the cere inkt  plcnu~l ( n f l e c l ~  sysm8 

pressure vesrel, simulated Shidd, and eocd s u . ~  pkN!. 

the 

TWO appmches we~6 used to &tennine ths WiW at the hQoting 

components in the PRlUs rector. TINE fht  oawgoch 4 
inlet d cote idet plena to colculak the power mtios fix oil re0ctorr, Le., tha power 

generated in the periphffol c v t r  OS a pen;ene of toto1 -tor prma. Ratioing 

tk power mtio of NRXfi-1 to thot of W - A S  gove the h t i n g  ottribrtable to o 360 
PRMS 011 NRX/EST. Adjustment far the octual shild seetor of 135 

attribtoble t? tk QQMS. Only NRX-45 &to wop rned for campaim with NRX/EST dab 

because these tm, reoctws hod bars bead thmnacovpler in the C o r a  inlet plenummthatkm 

the grounded junction thermocouples of A2 and A3 which -ired a subsimtbl correcticm fa 
gnmno heating. The power ratios calculated for NRX-A5 c d  NRX/ur wcrc comcted for 

the buildvp of decay p n m o s  ta on equivalent of IS minu- at full power and ae shown 

in Figure 3-42 as a function of tim after the stort of each full pawe hold. lk o~emges 

of these power mtios me 2-20 percent for NRX-As and 2.44 percent fur NRx/uT. The 

ovemp power mtiod for NRX-A3 ai d NRX-A2, also shuwn in the figure, are 2-22 v e n t  

ond 2.38 percent, respectively. 

p l p k r ~ I  

tenperom in ths 

gwe the hsating 

Sc * rlefeence 17, Index No. F. 4.d. 5. 

3-52 



3-93 



W- 0- 

3-94 



8 
mi 

8 
c 

8 
L 

B x 

Y 
0 

s! x 
B 
ii 



W- 0 llrrrrl 

8 
(Y 

f 
V 

I 

z 
Q 

z 
3 

i 
5 
N 
4 

0 
5 
E 

D= 

F X 
= z 

. -  
E 
i - 
Q 

3-96 







61 1615-140 

Figus 3-44. mi o! con, station 36 1- to Nazzie 
Gander lempemtwe: NRX-As ond NRWST 
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4.1 SUMMIAWY 

This section y t s  the results of the themol ond fluid flow analysis of the 
NRX-AS reflector system, shield and the hot buffer region filler strips during the EP-Ill 

and EP-IV power tests. Nleclsud md post test c~lculated state points txe compared, 

The mecage meosuted re%xtst pressure dmp during the EQ-III full power hold 

was 34 psi (2uwrriarce - + 2,2 psi) os compared to the calculated value of 35 psi, ad during 

the EP-IV full power hold it wcs 31 psi (2uvarimce + 3.6 psi) os cornpored to the colculoted 

value of 34 psi, The averoge reflector system pressure drop during the full power holds was 

41 psi in NIU(-A2, 41 psi in NWX-A3 and 43 psi in NRX/ESf. The reduction in the reflector 

FW drop in NRX-AS is  mainly due to thz redesigr of the reflector cooling chanrrels, 

m l y  the addition of a longitudinal slot in the control drum cylinder and the enlargement 

of the coding hole size in the inner reflectur barrel, 

- 

The petformonce of the lateral suppwt sed system in NU-A5  wm similar to 

NW/€ST. At the start of the first lull power durance test the seol chamber coolant oxial 

presswe distribution wos the some os pcedicted, but as the test continued the presswe ot the 

c m  midbond region decreased with test duration. The degradation of the seol chamber 

pressure is caused by core periphery cornsion which perturbs the coolant f low in the seol 

C h h .  

The average power pickup from the reflector inlet plenum to core inlet plenum 

during NRX-AS was about 2.2 percent of the toto1 reoctor thennol power. This i s  comporoble 

to thot of NRX-A3, but in NRX/EST the corresponding power pickup was about 2.4 percent 

which is about 10 percent higher than in NRX-A3 and NRX-AS. The higher power pickup 

in NRX/EST could be due to the presence of the external 135 degree privy shield for the 

*Moior contributors to this chapter were J. C. Gutek, L. Homlin, A. Y. Lee, 
R. D. Taylor, M. 0. Woods 
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NRXFST test. The shield caned on increase in the diat ion heating in the prsssure -el 

ond the tefleGtor system. 

The meadured sector and d M n  moterial tempemrules at NRX-AS full power 

conditions c@ very ell with post ted calculations. Contimom temperature 

incmases of he beryllium and the d i t e  moteriols during the full power holds were also 

obsenred irr NRX-AS a~ in NRX-M, NRX-M ard NIU(/UT. The OW- rot- of temperature 

rise at station 32 for these reactas ore appn#imately os follows far beryllium 1,2OR/m;s and 

for the gmphite bael 7.20R/min at R = 19.2 in., md 18SoR/min at R = 18.2 in. 

the measured rnaximwn ternpetatwe differences OC~OBS the diameter of the control 

drum at core stations 8 and 32 are lea than 15% during the EQ-Ill and EP-IV startups. This 

tempercltwe difference is very ma11 ab compared to the maximum value of ZZOOR oimrvd 
in the NRX-AI cold flow test, 120°R in NRX-A3, ond 80% in NUBST. This significant 

reduction in temperature difference is  due to tk cooling c h o m l  (o slot of 110 om 

length ond 0.10 in. depth) incospomted in the control drum cylinder. The coalont flow in 

the slot tends to eqmlize the chilldown effect on both sides of the cylindsr, SO that the 

resultant t h l  bow is reduced, Control drum rubbing did not occur during the NRX-A5 

soartups. 

fmnsient t h i  omlysis of the hot Mfer filler strips was perf& in swa9 

detcil because 37 of the 54 strips in the hot buffer region were found to be broken icl OM or 

more places during the past test disassembly of the NU-AS raoctor. All the s t r i p  in thm 

nominal region remained intoct, b e v e r .  It WOS hypothesized that bridging of the hot 

buffer fillers occurred during reactor shutdown. The tamperatwe difference between fillw 

strips in the bid@ condition resulted in severe tensile stresses in some strips. This 

temperature difference is due to the different strip thicknesses. The analysis of the EP-IV 

shu*Jown transient wos perfonnd for o 30 dew sector of the hot buffer filler strips. Yhs 
m i m u m  colculotd temperatwe difference during this tmnsient bc%een the sector overaga 

and the coldest strip wos 600°R at stotion 38 inches. 
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Steady-state maximum temperatures in filler strips were measured using thennal 

capsule placements in five hot buffer filler strips and one nominal fillet strip. The indicated 

thermol capsule temperatures in the hot buffer filler strips were generally in agreeEoni with 

pLdicted values except at the hot e d  where the measured temperatures were lower than 

predicted, i.e., about 1000’R lower t b n  the 4400°R value predicted at s.ution 5’3 inches. 

Thermal capsule temperatures measureu In the nominal filler strip were within the range of 

predicted values. NRX-A5 nominal filler strip temperature dab are compared with previous 

reactw test data. 

Aside from the hot buffer filler strips, the reflector and lateral support system 

performed satisfactory during NRX-AS pmer tests. All reactors performed consistently from 

NRX-A3 through NRX-AS, and all predictions and post-test calculatim genmlly ~ g t e e  

favorably with observations. With the previously mentimed exception of the hot buffer filler 

strip region in NRX-AS, the models and the ana’ Ycal procedures for the reflector system 

of the NRX reactors are satisfactory and can provide design evaluation and predictions with 

a high degree of accl;racy. For rhe filler strip region a more detaileo analytical model i s  

required. 
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4.2 DEXRlPllON OF THE REFLECTOR S Y S T W  

The NRX-AS reflector system is generally similar to the reflectors of oll previous 

reocton with the exception of m e  fairly significant design cknges. The majar design 

changes are os follows: 

The aluminum bQrrel outside the grophite inner reflector was eliminated. 

The impedance ring in the reflector annulus channel is now locoted at ths 

inlet end of the channel in such r, wcy that the iniet impedance i s  constant. 

In the previous reacton, the impedance ring wos located at the exit end of 

the chonnei and the flow impedance depended on the onnulus gap size which 

chonged with reactor operotiog condition. 

The inner reflector bone1 cooling hole diameter wos increased from 0.25 

inches to 0,312 inches. 

A longitudinal slot was added to the control drum cylinder opposite the control 

vane annulus to minimize the thermal bow of the drum cy!inder during transient 

startup flow ramps. 

There was a hot buffer filler strip zone of two sectors in the reactor for 

experiment purposes. 

Details of the desipt chon,* are described in the NRX-A5 Oata Book, WANL-TME-1389. 

The reflector coolant flow paths and the major reflector components are shown in 

Figure 4-1. The state points at which the coolant temperature and pressures were measured 

and/or calculated are designated by location points from 1 to 13. 

The following sections present the steady state reflector thermal and hydraulic 

conditions during the EP-Ill and EP-IV full power holds and the comparison of the predictions 

with the post test calculations. The beryllium sector and the graphite barrel material 

tempemture rise and the lateral support seal chamber coolant pressure degradation during 

the full power hold is  discussed. The temperature response of the redesigned conttol drum 

i s  also presented. 
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Since t w e  were no measurements in the reflector located at the hot buffer region, 

the test analyses presented herein are confined to the region of the reflector system which i s  

located at the nominal peripheml region. Pre-test design analyses were performed, however, 

for the two reflector regions. Results from analyses show that the thermal and hydmulic 

conditions in the outer reflector are not affected appreciably by the presence of the 

hot buTfer filler strip arrangement, 

and smphite -barel are affected by the hot buffer fil ler strip arrangement. 

example, at the hot buffer region the seal  chamber coolant exit temperature i s  !WO% lower 

and the maximum graphite borrel temperature at station LO inches i s  40% lower than the 

nominal peripheral region of the reflector. T k  details of the results of these analyses are 

presented in the NRX-AS Dcta bok,  WANL-TME-1389. 

However, the conditions i n  the seal  chamber 

For 
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Figure 4-1. Reflector, Shield ond Core Suppt Flaw khemotir 
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STUDY SATE THLltMAL AND moRAlJUC CONl)!flONS I ' 3  

I I t 1  R&aturSystem 

wht -tuu ond 7 at the . d h s  d e c k  loust'bs 

-Id in F i w ~  4-1 a, 9 - m  in )okb, 

The +ictal ad pat test olculakd volua a r ~  includld fix coqxar'lxn. Calarloticus 

~QI, p & w d  th MCAP-TOSS '-* Cak,' Inpt  bnnQry dit ' -  ae tht 
rndaarrcd flow mte, reflab iht 

4-1 for tb EP-Ill <nd EP-IV full 

and acit m. 
The mmmad praoarr, &opoaoa~ t(r arter nflc~ta voicr f i a m  33 :o 36 pi, d 

ocmss the imadlectmfmrn 31 to 32 psi bring the EP-III full power hdd, OS oorng-,d 

to the Cakubtd volues of 35 ad 33 psi respectively. lhe pressme drop oc~o6f t)r ccse 

supptxt cone is thedam, obout 2 to 4 psi, 01 conpar+d to the calculote~ value of 2 PS;. 

Duiny the EP-IV full power h&d, bwever, the -necausd a r k  reflector pesam 6op *~QL 

about 1 pi lower thm the inner mflgcta pnsmre drop. Since the pewre &up oclo~s tht 

c8te wppart ccw#? is way s d l ,  tk QmOUnv of 1 to 2 psi is within the  occur^ d the panrre 

m@mammmts. 

In NRX-A3 EP-V which hod the com~oroMe reactor flow rate of 71.3 Ib/stx, the 

mgQsuted reflector system. pressme drop was 42.5 + 1.0 pi, as cnrpaed to the m n d  

value of 34 psi in NW-A5 EPIII .  The deaeore of about 8 psi is  mainly &e to the desigr 

changes in the reflectcr flow patk such cs the oddition of the slots in the =ontrol drums ond 
the enlargement of the inner reflector borrel cooling holes for NRX-M. Analysis shows 

thot ?he difference in flow distributions between Ni!X-A3 and NRX-A5 is appeciobla, krt 

the coalant temperature rise and material temperatures do not differ appciobly. This 

decnxrse in qressure labs across the reflector reduces the pumping power requirement which 

gives o slight perfotmance improvement. 

- 

* "A Progom for S t d y  Stote Fluid Flow and Heat Conduction Coupled Calculations of 
Heot Generating Solids Cooled by Parallel Channels - Using the MCAP and TOSS CodesDD, 
WAF' WE-967, October, 1967. 



The & id tb c ~ l ~ l o r c d  c d m t  tcmperow d at tk vai<*a 

rtfkctor loootians shawr in Tabla 4.1 u w v  raasarably well. Similar fiidy good ogee- 
merit k m  - ad cmlcubtcd tempr0-d pmssses wus also &id for tk 
M - A 3  a d  NRXfiST tab. This id icota thot the amlytical d l  Qd calcubtibml 

proccbns uscd to onolyze the d k t o r  system am rat'&fuctwy within the m i n t y  h i t s  

of the in-1 heat gcnarrtion rotes ad the kpedonce values used in the omlysis. 

fir ozimuthol tenqxmahr, -raiotion in the reflccta inlet, dome d md COR 

inlet plenums in NW+, Ep-lll Qd EP-IV ~ r r  pesartd in Figue 4.2. Within tk 2 8 

miation of 6.6% the rdlector inlet planurn tan- did not s b  a z i m u h l ~ .  

HOMVC~, thedome end 4 coce inlet 91- tenpaotweswereabtmt 10% 1- in thc hot 

buffer region thm the respective avemge tempemtursr in the rsnwrindrr of the plena. Thii 

indicata that rhe coolart tanperom r-ke in thc eflmtor in the hot hrffer regiar ir I- 

thm thot in the remainder of the reflector systern. Since there were no cooling c h l  exit 

QOS and materid teqemture +mple~ ic tht hot b u h  region, 110 azimuthal cornpgisora 

of 

show t b t  in the hot huh region the ae01 chamber c o o k t  exit tempmture is W% 
and the maximum gaphite bmel radial avertage material 

is lsO3R lower thon thot in the other -ion of t k  refleetor. This could explain the low 

dome end plenum and core inlet plenum tempem- in the hot brffer region. 

teqemtures could be mode. As mentioned previously the pretest molysir results 

(at stotion 30 inches) 

P a t  test inspectior. of the NRX-AS reoctorg indicated that sane of the filler strip 

ends in the hc. ~ f f ~  region w e  broken. 

occurred during the EP-Ill shutdown. In order to determine whot effects this hod cn the refleetor 

system pssure distribution, compotison was mode in the pressure drop between the inner 

reflector done end plenum and the core iclet plenum during the EP-Ill and EP-I\/ full power 

holds. Figure 4-3 shows the time his* of the inner reflector dome end plenum and core 

inlet plenum pressures during the two full power holds. The pressure drq, between *b two 

It ~m theorized thot at 1-t 50me of the b k o g e  

* "NRX-AS Post-Operotive Mechanical Evaluation", to be issued. 
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* WANL-TNR-216, "NRXmT Reactor Test Analysis RcpOrt' a d  NRX/ESl Coicomp Doto, 
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Figure 4-4. NRX-AS Normalized Seal Chamber Pressure Profiles 
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4.4 REFLECTOR AND LATERAL SUPPORT COMPONENT MATERIAL TEMPERATURE 

Reflector and lateral support material temperatures are given in this section for 

fuli power and flow conditions at the start and end of the power holds of EP-Ill and EP-IV. 

Comporisorts with previous reactor measurements are included. The performance improvement 

of the redesigned control drum in NRX-A5 w i l l  be discussed in detail. 

4.4.1 Outer Reflector Sector Material Temper atwe 

The outer reflector sector material temperatures recorded at the full power conditions 

of EP-III and EP-IV are shown as a function of axial station in Figure 4-6. The post test 

calculated temperatures are also shown for EP-III. The agreement between the measured 

and ~ l c u l ~ t e d  values i s  satisfactory. Since there wos only one thennocauple at each core 

station at which the temperature was measured, the range of uncertainty in the measured 

values canno? be determined. The maximum sector temperature in NRX-AS EP-IV was about 

365OR at station 20 inches. The calculated axial temperature profile also agrees well with 

the measured profile. 

angular position away from the ex:emaI shield). The agreement in the axial temperature 

profiles in NRX-A2 and NRX-A3 was not as goad as in NRX/EST and NRX-A5. The maximum 

difference between the measured and calculated temperatures was about 25OR for NRX-A3 and 

a h i t  5C0R for NRX-A2. The improvement i s  mainly due to improvements in the analytical 

model and the calculational method. 

Similarly good agreement was also observed in NRX/EST (at the 

The temperature rise of the beryllium sector material as a function of time at full 

power is shown in Figure 4-7. The temperature variations at station 32 during NRX/EST 

EP-IVA and during NRX-A5 EP-V are also included. No appreciable temperature increase 

was observed in NRX-A2 mainly because of the short test. The temperature increase in 

NW-A5 i s  comparable to that of NRX-A3 and is smaller than that during the NRX/EST 

EP-IVA full power hold. The higher temperature rise during the NRX/EST EP-IVA full power 

hold is attributed to the greater control drum roll-out than during NRX-A3 and ISRX-AS. 



4.4.2 Inner Rdlector Grophite Barrel Material fernperoturer 

The tempetmture measurements obtained for the graphite barrel during NRX-85 are 

presented in Figures 4-8 to 4-10. The axial temperature distributions at rodial positions 

R = 18.2 inch and R = 19.2 inch during EF-Ill and EP-IV are shown in Figure 4-8. At 

the outer radial position, R = 19,2 inch, the calculated and the meosured temperatures 

at the start of the EP-Ill full power hold agree within 80°R. Because of the considerable 

)empmture rise in the graphite barrel material during a power hold, the cornprison was 

d e  at the start of a power hold when the irradiation effect on the thermal conductivity of 

the graphite wos minimal. At the inner radial position, R = 18.2 inch, the calculated 

temperature at station 32 inches is also within about 8OoR of the measured value. The 

comparisons between the calculated and the measured temperatures are similar in NRX-A3 

and NRX-EST. 

profiles in NRX-A5 is better than that irr NRX-Ab and NRXBST. Since the reflector 

annulus flow channel impedance in NRX-A5 (located at the inlet end) wos constant m d  

not dependent on the annulus gap clearance which chnged with operating condition as for 

the previous reocton (impedance located at the exit end), the deteimination of flow 

distribution in the reflector system in NRX-A5 was more accurate. 

However, the agreement between the calculated and measured axial 

The graphite barrel temperature variation during the NRX-A5 EP-Ill and EP-IV 

full power holds at station 20 in. and 32 in. is shown in Figure 4-9 for R = 19.2 in. and 

Figure 4-10 for R = 18.2 in. The temperature variations in NRX-k2, NRX-A3, and 

NR:;/EST are included in  the figure. A continuous graphite b r re l  temperature rise during 

a power hold has been observed in al l  reactor power tests. As explained in previous test 

analysis reports, the temperature increase during a power hold i s  primarily due to the 

decrease in thermal conductivity of the graphite as a result of the irradiation effect. 

Yowever, this effect anneals out between power runs. This is shown on Figure 4-9 by the 

change in the graphite temperature between the end of the EP-Il l full power hold and the 

start of the EP-IV full power hold. 

b 
4-17 



Comparisons of the rate of graphite barrel tewrature increose during high power 

holds were mode with previous test results. At the radial position R -- 19.2 in., the rate of 

temperature increases are similar for NRX-A3 EP-V, and NRX-AS EP-IV, but higher for 

NRX/EST EP-IVA. This is attributed to the greater drum roll-out during NRX/EST compored 

to NRX-A3 and NRX-A5. The NRX-A3 pretest calculated rate of temperature increflse 

i s  about 9.6 R/min at station 32 in. for R = 19.2 in. The calculation considered o 9 percent 

reduction (linear with time in 15 minutes) in graphite thermal con&Jctivity based on the total 

radiation dose received by the graphite in NRX-A2 during the 2 minutes at full power, then 

extrapolated to 15 minutes operation. This calculateci rate of temperature increase agrees 

quite well wi th the PJRX-/\3 measured rate of temperature increase, but i s  higher than that 

measured in NRX-AS. In NRX-A2 the length of the full power hold wos about 2 minutes 

and the measured temperature rise was about 25OR/rnin. This extremely high rate of 

tempe:ature rise in NRX-A2 can be explained by (1) steady state conditions had not been 

attained in this short time and (2) the cooling efficiency was lower since 15 out of the 144 

barrel cooling holes were plugged for instrumentatim. In Figure 4-9 the tempemture 

variations during the first minute of the power hold: of NRX-A3, NRX/EST and NRX-AS were 

mit ted because during the first minute after the reactor reached full flow and full Fowcx, 

the material temperatures hove not. yet reached steady state conditions. Figure 4-9 shaws 

a lower barrel temperature during NRX-A5 than during NRX-A3 and NRX/EST. 

barrel temperatures during NRX-A5 are due to (1) an increase in the graphite barrel 

flaw rate due to the enlargement of the diameter of the channels from 0.25 inches 

to 0.312 inches, and (2) an increase in  the seal chamber coolant flow. Both of these 

rzaons contribute to the lower temperatures as compared to the NRX-A3 and NRX/EST. 

0 

The lower 

Figure 4-10 shows the temperature variations of the graphite barrel at the inner 

radial position, R = 18.2 in. The thermocouples in NRX-A2 anri NRX-A3 were either 

errmeour or not opemtive; and therefore, only the NRX/ES? and NRX-A5 data are presented. 

The rotes of temperature rise for the va r lm  test runs are summarized in Table 4-2. The 

observed rote of temperature rise in the graphite barrel at R = 18.2 in. and station 32 is very 

low during NRX/EST, EP-IV. The measurements T-408.4A and T-409.4A appear to be 

questionable. _- & - --.- - I_  .--- m - 
T- Mv'rr'wwY I SHK 
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The datu from the NRX-A2 through NRX-AS power tests conclusively indbcate 

thct the temptuture of the beryllium and graphite ca-nponents increases continuously during 

steady state fuil power operotion. The temperature rise i s  the result of the decrease in therm1 

conductivity of the moterioi in an irradiation environment. Reliable analytical OT expsi. ~ t u l  

information on the effects of radiation damage to the tht,tnal properties of these two W.X 

teoctor muterials are not yet available. Nevertheless, test data show that the increosed 

material tempemhrres during high power aperation did not affect the integ;::y and &or- 

rnonce of these ccmponents. 

4.4.3 Control Drum Assembly 

The NRX-A5 control drum design i s  significantly differen; from 011 prevrws NRX 

reactors. fks design was changed because the drum cylirlder rubbed against the sector !-me 

in the early sfoges of startup operatiun during previous reGctor tests. The rubbing wos caused 
by the bowing of the conlrol drums due to transverse temperature differences across the drum. 

During the NRX-A1 cold flow tests, drum actuator torques above thz design vulue were 

experienced during most of the transieri flow r i  mps. In NRX-A2 the clearance between the 

drum cylinder and sector bore was increased from 0.045 in. to 0.078 in. (nominal dimensions), 

and the reflector was pre-cooled prior to start of run for the pDwer tests. Consequently, no 

rubbing between the drum cylinder and the sector bore occurred. In NRX-A3, the reflector 

was not pre-cooled and high torques were again experienced during all power test startups 

with the exception of EP-V. In the NRXfiST reactor, h e  outer diameter of the aluminum 

housing cyiinder of the drum assembly was reduced by machining off 0.024 in. at the mid- 

span of the assembly. Druc rubbing did not occur for any of the startups except during the 

second run of EP-III. The high torque during this startup was causeu by an initial drum 

material temperature ot 645 R which i s  considerably above the established l im i t  of 540 13 

for this control dnlm design. This l im i t  was established from analysis* and from previcus 

reactor test experience which ir.dicated that the amount of thermal bow of the drum cylinder 

0 0 

* ‘“Transient Thermal Analysis of a Heat Generating Solid md I ts  Applicution to NERVA Reactor 
Control Drums”, A. Y. Lee, MI. D. Woods, and A. G. Eggers, A I M  papr. I lo. 66-575, 
1966. .- - -  .I - I/’. 
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depended on the flow ramp sad the initial berylliun tenpcrahme. A flaw lonp correqrading 

to a i5O0R/m storhrp would not cause rubbing of the NRX/EST drum pav'kkd that the 

initial temperohre was below 540%. The NRX-AS control dnm wos modified with a 0.19 

inch m p  lcngitudinal dot of 110 

opposite the control vane cooling mnulm. The of the siot ma to F i d e  symmetrical 

=d ing on both si& of the cylinder to minimize the thermal bow. Tmnsient thamol molyzes 

were PerfwRml using the TRACK* conputer code to determine the optimum dot size. Tht 

d i g l e d  bum wm h extensively tested in *he lobomtory using cold kliun 9op. The 

test results showed a maximum ternperahre difference or065 tk drum ot stotion 26 of about 

95% ond a 0.014 inch bow in the dnm cylinder uih a 3.0 Ib/sec simulated rea~tur flow 

roIllp (equivalent to oppoximotelr a MOOR/= rate of c+tamtm tem~emtme st0rtU;llj. ~te 

nominal cleamnce between the drum cylinder and the sects bore Is 0.078 in. This indicated 

rhot interference hetween the b r a .  and the sector would not occur even during 2 d R / . .  

startup6. In addition, the loborotay tert -Its idicotd that the thermal baw of the W is 

in-itive tc the startup flow tonr~ ond initial material 

reported in WANL-TME-1408, "MRX-AS Control Drun Bow Tesh", Mach, 1966. 

OK: lm@h along h e  d m  cylinder tn the si& 

2 

Tht test -Its wcrt 

Outing the startups cf the N3X-A5 EP-Ill and EP-1V puwer tests, the flow ronrp 

was about 0.85 Ib/sep - (comespading to a nominal chomber tcnperatue m). 
lie meawed rronsient temperature diffcrenea across the 6um at s b t i a u  8 and 32 for tk 
EP-Ill startup ore shown in Figure 4-1i, a d  for the EP-IV start+ in Figurn 4-12. The 

mor:imum meowrcd temperature difference at station 32 during tIw ealy s b g e  of the CKII- 

down war about 15'R in EP-IV. This tempemtwe difference is much smaller tl -.rt?mt during 

the NRX-A3 and NRX/€ST tesb. Table 4-3 shows 9-2 nparison of the flow ramps ord 
maximum temperature differences during the NRX-AJ, tURX/EST, a d  NRX-A5 rtc?rty#. 

For comporoble flow romp rates, wch as NRX/EST EP-IVA verwr NUX-AS EP-IV, the 

maximum temperature difference ocroQ the drum is reduced by a factor of 4 in NRX-AS. 

T h e  results from the NRX-AS power tests confirmed that t)rC redais3 reduced the dnnn bow 

and eliminated drum wbbing. 

3 

Ibid. 
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The meowred and calculated contrd drum tgnpcrotuc dishibut'bm at high porra 

are shuwn in F ipre 4-13. Considering the two signa 0c;cwucy d 23% Cor t k 8  thrmo- 

4.4.4 consuppart Plate 

Figure 4-14 s ) o m  con support plate moterial o o furrctiar d m a t  

7 divided by prrart rcoctor flaw rote fa NRX-AS EP-III ad EQ-IV. The prbidd 

avecoge moterial tarperam at full power caditiom ae also shmn in the figul.. 1)le 

mtiot. *ke coresupport plotemotabl 

predicted and is similar to NRX/uI. 

io tht awe inlet tenpclp)~, isas 

4.4.5 Shield d Reflector Tie Ut Motcrial Tarpcrohrcr 

One of tht hybogcn cnduct'm coded 1-i ~qqmrtqxings to he d in 

NfiX-A6* w 6  imtollal in NRX-AS o on experiment. Tk Sping was I d  in tht 
kryllbm recta at station 26 in. F i v  4-15 sham the sping tcrrpaahrrrs in W - A S ,  

EF-IV at pat p ~ r  a d  full pwer cditianr. fhc calculated -at full parrrr 

is 830% OS canpod to thc nregsIlrcd value of 785OR at thr s t a t  of EP-IV full hdd 

ond 813=R at the end of the full pawe hold. The tenpaohm rise of the wing is 28 R during 
0 

NRX-A6 Design Report, Vol. I!, Thermal, Fluid Flaw and Nuclear Analysis d ths 
NRX-A6 R w t - * * ,  WANL-TME-1290, Oct. l%S. 
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the 15 minutes full p e r  hold d EP-IV. This -hrC incteare is hi* t)rorr tk 
-imote IS R i m  of the beryllium sector at stoticm 20 in, 

dt,ign of NRX-A6 is different from thot in NRX-AS, the t e m p & m ~  r-ke of this mopitude 

wluld not dfxt the performmcc 

0 
the reflects 

th wing in NRX-A6. 
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Figure 4-7. NRX-A5 Outer Reflector Sector Temperature Rise during 
Steody State Full h e r  Holds 
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Figure 4-8. NU-AS Axial Temperature Profiles of Inner Reflector 
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TABLE 4-2 

RATE OF TEMPERATURE INCREASE DURING FULL POW811 HOLM 

0 
Rota*, R/min 

Test Rur 

NRX-A2 EP-IV 

NRX-A3 EP-IV 

NRX-A3 EP-V 

NRX-A3 
Rediction 

NRXB EP-IV 

N-1 EP-IVP. 

NRX-AS EP-Ill 

NRX-A5 EP-IV 

lmkv Reflector lrmer R e f l e c t a  Outer Reflector 
R = 19.2, C.S. 32 R =  '8.2, C.S. 32 C.S. 32 

7.6 

8.6 

8.4 

4, 5 

6.4 

-- 
6.3- 

21.6 

16.8 

17.0 

-- 
_- 
1.5 

_- 
0.9 

1.6 

0.7 

1.1 

* The rote is the aittmnetic difference between the temperatwe at the end of the power 
hold md the Wmperahrre at the sturt of the power hold div'lded by the toto1 rn time, 

** M-tr (T 408.4A8 T 409.4A) are questionable, 

*** NRX-A2 was not in t e m p b r e  eguilibiurn since the total run time at full power was 
too short (1 10 seconds). 
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Figure 4-1 1. Control Drum fronrient Temperature Difference 
during NRX-A5 EP-Ill Startup 
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Figure 4- 12. Control Drum Transient Temperature Difference 
during NRX-A5 EP-IV Startup 
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TABLE 4-3 

COMPARISON OF NRX-A3, NRX/EST AND NRX-A5 CONTROL DRUM 
MATERIAL TEMPERATURE R E S W N S E S  

Initial Drum Max. 
Material Temp. AT Rubbing Approx. Ramp 

Reactor Run Rote, Ib/sec * at CS32 @R Occurrence - 
NIU(-A3 EP-I 

NRX-A3 EP-Ill 

NRX-A3 EP-IV 

NM-A3 E?-lllA 

NRX-A3 EP-V 

NM/’EST EP-lllrun 3 

NPX/EST EP-IVA 

NRX-A5 EP-Ill 

NM-A5 EP-IV 

1.38 

0.96 

0-81 

0.94 

0.82 

1 25** 

0,90** 

0.85 

0.05 

518 

546 
589 

553 

409 

645 

4 3  

55s 

525 

100 

86 

120 

88 
55 

80 

55 

13 

15 

* Drwn and sector clearance was increased by 0.024 i?r, 

** The mmp rote i s  the ramp tefore the first power hold during the startup. 

Yes* 

no* 

no 

no 
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Figure 4-13. NRX-A5 Axia! Temperature Profile of Control [?rum at Full Power 
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Nozzle End 
Surface 

TABLE 4-4 

NW-A5 CALCULATED SHIELD AND TIE BOLT 
AATER iAL TEMPERATURES 

Asrtonuciear 3 La!mratory 

k.iield Material Tie Bolt Mcteriol 

h e  End 
Surface Station 20 Station 32 

3X0R 245OR 24OoR 235OR 
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4.5 F4RX-M HOT RJFFEs1 FILLEU S”.IP ANALYSIS 

Tht  NRX-M reoctor periphery includd two s t a s  of h& k u f k  fill- stri- 

Tha &si* d i h  fron! the rromiml fill- &ip &sign uscd in vi- NRX-A mtm in 

the plaunent d tk s t r i p  imi& the pyrog+te irrrulatiar. The inten. d this relocatiar 

is tc reduce t k  external surface cmosicm of pcriQharl futl elements by sotumting the 

h- flowing m fmm the sa01 s y s m  with gaphite - i f i d  by tht hot h‘fa fill= 

str ip. The NRX-A!j hot buffer s t r i p  were not intemolly coo ld  cmd were ucpchd to 

m t e  at temperatures above fuel elanent temperature at full pcwer conditiarr. 

During th NRX-AS pcwer tests8 39 of the 54 filler strips in the hot hrffa region 

were broken in one or RXKC plases, but all the s t r i p  in tk nominal daigr KC- remainad 

in tat .  Table 4-5 g ive  a wmnrrry of the NRX-A5 filler strip brsomge. The Rlodt poboMe 

cause of failure was concluded to be frictianol lockup of tk filler s t r i p  duing shrtdom. 

T k  filler strips btidge (lockup circumfcrentially) during shutdown bearm the temQaahnc 

of the fuel elements decreases foster than the filler strips. Tcrnperahrrc vaiatiars between 

the b i d 4  sirips ~ loced the rdativcly cooler strips in tension ond caused them to break. 

Some of t k  filler str ip damage c p e n t l y  o c c d  during shutdown from tha first full 7 

test because there is  evidence thot a piece of Men filler strip plugged some Cue1 element 

orifices during EP-IV. 

An analysis was mode to obain the transient tMpcmhrre distributitms in the hot 

hfki filler strips during the final shutd<mn of the NRA-A5 reactor test (EP-IV) for use in 

sxess analysis. The mdei used in the onalpis, c X rector of filler strips, pYr0gmp)tite 

insulation and partial elCmer.ts, i s  r h  in F i w e  4-16. Alto included is a thin strip 

representing the fuel element. k t  

a d  heot transfer coefficients One: 

element cocrlan? ?emperatures and heat tmnsfer cotfficienh ct the inner diameter. A model 

of the J9 fuel cluster (see Figure 5-34 in Chopter 5) was used in the T U C K  computer code 

to obtain iuel element boundary conditicns. Coolant flow between adjoccnt filler strips 

0 

.sy conditit..a are seal channel coolant temperohms 

Kgment temperohms at the outer diamter and fuel 

was neglected because the gops were expected to be very moll 

in the hot buffer sectors. 

(approxinotcly 0.2 mils) 
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Using these bcurwjary conditions, TOSS tronsimt analyses with tk filler strip 

mock1 wem Prf0rr.d at 5 core sfatiam. F i p e  4-17 s h  the tcnpcrrrtue diffcrcncc 

bttnar the avemgc of the filler s t r i p  ad the mininum tanpemtme strip os a h t i m  of 

time, Thc maximm d:ffacme is W0R st coct s b t i o n  38 at 41 KcQds after initiotim of 

shutdawn. Figun 4-18 gives the ttmprrrhirc difference between tk maximum and m i n i m  

tcmpcmhrrt strip.  The moximun tmpcroture difference is 1120% at the xam 5 .ation d 
time. The orimurtol -mture voriation is shown in F igura  4-19 ond 4-20 at s t d y  stote 

d e t  tht wart condition cornsparding to 41 rcconQ afta initiatim of ~ h u h .  

4-21 shows o compaistm between the avemge filler strip temQemture. 

Figun 

It i s  i n m t i n g  to note the effect c shutdawn schedule on the -atwe 

differences betmar filler strips. The NRX-U, EP-IV rhuldown chankr tempmtwe ronp 

rate was -imtely 6!?R/sec. After 31 d, the average chanber tanpemtue hod 

fcoeh~d ZOOOR and the reactor wa; scrammed. kpid cooling of the fut~ elements Whming 

caused the tempemhrrt d i m e  hetween filler s t r i p  to inc- shorpry a b @  the 

peaks ?hot o c t d  before scmm. The w d  cd;? ion  OCCUCJ about 10 se~ardr after the 

XrOm. 

Stress analysis of the So sector oi the hot buffer filler s h i p  using the detai ld 

tempcrabre distr ihrt ials & t o i d  from this thermal orolysis resulted in a good correlotion 

ktwm comprted stresses and obs#vel br &age patterns. 

4 5 . 1  NRX-AS Test Temoemhm &to 
~ 

Subsequent to the hot buffer filler ship shutdown analyses diszussed above, thermol 

capsule data for the hot buffer filler strips were evaluated and indicate considerable dcviotiar 

from the colculotials near the hot end. Figure 4-22 gives thermol copwle temperatures for 

fill= strip 4-8 and for a nearby central u n k l e d  element. Also shown are the tcmpemrures 

calculated for this filler str ip and the odiacent fuel element. There i s  r e a m b l e  ageement 

between meowred and calculatzd doto except toward the hot ad. At core station 50, the 

measured filler s t r ip  temperature is  nearly l W 0 R  lower than calculated even thovQh the 

measured and calcwuted %el element temperatures agree reoscmably well. It oppecr?: that 



lateral sqqxwt seal coolcmt flowing d i o l l y  into the fille; strip gops and byposing the seol 

scgnentr could cou~e the lowtr thar prcdictcd fill- strip tcnpcrohrres at the hot end cf the 

cae. Thc s p  betwten the hot buffer filler ships has been recalculated with thermol capwle 

terrpcnrhm doto and the axial gap distribrtim i s  shown in Figure 4-23. Also shorn. on this 

fiw are tk 9 a ~  profile ond the t h l  baw far the -phi& indotion strips. COM 

interdenrent gqs are shown for camparim. 

The filler strip p p  at the hot end of the core i s  4 mils. For this g ~ p  and the 

presr~re bop which exists actass the aft end seals (20 psi), flaw m t a  sufficient to remove ail 

of the filler ship generated heat are possible. Exact calculation of the flaw rates between 

filler ships is very difficult because of the indeterminate d i a l  inpedonce around the 

wrogaphite s%ipr. 

Although the seal coolart leakage between hot huffcr filler strim has not been 

included in the t h l  analysis of the strips, the conclusion thrt the filler s t r ip  breakage 

occurred during shutdown is  s t i l i  valid. While the strips were initially cooler at the nozzle 

end thon hod k n  calculated, core contmctio wm!d s t i l l  muse bridging of the filler s t r i p  

which w w l d  in turn cause a iapid decteme in flow between ships. ?With the convective 

cooling of the radial faces of the filler ships thus restricted, the cooldown of the strips 

would b controlled as before by conduction to the fuel elements. 
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. 'p - a5 Hot Buffer Filler Strip Model (30 Degree Sector) 
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Figure 4-17. Temperature Difference between Average and Coldes 
Hot Buffer Filler Strip during NRX-A5 Ef-IV Shutdown 
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Figure 4-18. Temperature Difference between Hottsst and Coldest Hot Buffer 
Fi l ler  Strip during NKX-AS EP-11' Shutdcwn 
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Figure 4-22. Axial Temperature i'ariation 3f NRX-A5 got Buffer Filler Strips - EGL 
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4.6 FILLER STE!D THERMAL CAPSULE MEASUREMENTS 

T h e m 1  capsule tempernture mtOSUrement in the core filler strips consist4 of 

thermal copwle family d is t r iwt im placed at six azimuthal pusition;, * 
were utilized in the five instrumtnted filler strips within the hot buffer rtgior ard were tht 

-me as the s e d  family dishibtia8 U S ~ J  in thc unfueled elements within the core. The 

m e  instrumented f i i k  strip ouhide the hot hrffer region, i.e., filler snips "6-18" h d  a 

differmi thermal capsule wire dis*ibutim to accommodate the Im-er operating temperatufc 

ievels of the nmnal fil ltr s t r ip .  The filler strips in the hot buff- rq ion  which hod thcrmol 

capsdes were; "3-2", "4-8", "4-2", "4-5", and "4-18". Figure 4-24 is a schtmatic cross 

wction of the core ~ n d  identifies the filler str ips which hod the ?herma! c ~ l c s .  

Identical distributions 

€dud ion  of hemal capsule dab makes use of port test rodiopphic examination 

in determining axial temperatures. This technique also inckes posible the review of frocture 

patterns that were experiei ;ed. Fractures were okervd only i i  r h e  hot buffer filler s t r i p .  

The one F i l l e r  strip thoi hod ttermal capsules in the nominal f i lk. strip design region, i.e., 

filler strip "6-18", hod no noticecble evidence of frccture or c3:w-ion. In oddition to the 

evalwtior! of NRX-A5 filler str ip tk;mai cupsule data, a cm.prisan hos also been d e  

of thermal capsule temperature measurements in tb I;iitr sttip regions of previously tested 

reactors, i.e., NRX-AZ, NRX-A3, P- .' 1 d ~ f i S T .  

Figures 4-25 through 4-27 ',!-ow NRX-AS thermal capsule temperature doto of the 

maximum temperatures measured in the hot h f fer  filler strip and also aesL8;5- the thermal 

capsule wire distribution. 

T h e  axial distributions of measured doto in the hot bcffer region are in cJ;pq.rttrate 

agrzement with the predicted values except i t  the hot end where the measureo vaiues are 

necrly 1000°R lower ttmq predicted. 

buffer filler strips Sased on thermal col;sules was between about M O O R  3rd 36000R Y hich 

corresponds to the calcu!ated nominal vo!t,e 3f MOOOR. A plausible explanation for t k o  

-h+ r: %surd hot end (station 50) temperatwe of the hot 

* Fst identification of filler strip loco:im, see NRX-AS Reactor Analysis Data, WANL-TME- 1389. 

B 
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observed lo-w hot-end tempercturn con be attributed to higher than calcuiated radial in- 

leakage from the local lateral support seal sysiem. The cakalation of t h a l  and hydraulic 

conditions at the hot end of the filler strips does not fully consider leakage in the region of 

the last ineffextive seal. 

Axial tempemture distributim obtained from thermal capsule data in the hot 

buffer fill- s a i p  were essentially identical in "4-8", "4-18'18 and "4-25" but lower in 

"3-2", and "4-2". Filler s t r ips  4-8 and 4-18 each hod o pea& temperatur? of 430COR which 

o t c u d  between stations 36 and 40 inches. The peak value in filler strip 4-25 was slightly 

higher, i.e. 4400°R, ind occurred further downstream at abaut s t a t i m  43 i n c k .  Peak 

thamal capsule temperatures in filler strips '3-2" and "4-2" (also in hot buffer region) 

were similarly measured near station 42 but were nearly !509 R lower. Peak temperatures in 

filler s t r i p  "3-2" ard "4-2" were 38OOoR and 4ooool? rapectiveiy. 

0 

The fracture patterns which are also iilustrated in Figures 4-25 through 4-27 reveal 

no striking similarity from a g- point-ofriew except that oil of the hot-buffer instrumented 

fill- strips fractured in the axial region b e t w e  station 32 and 40. MCX~OV~X, three of 

these filler strips which M fractxes toward the ccld end exhibit the tendency to fracture 

at station 24. Similar irocture patterns were chewed at the hot end of filler str ips "3-2" 

and "4-2" which are identical but located in adjacent sectors. h t h  of these filler strips 

hod similar low axial temperature distributions relative to the other hot buffer filler strips. 

One of these filler strips, "3-2" which had a slightiy lower temperature distribution did not 

frocture at station 24 (see Figure 4-26). 

Figure 4-27 shows anotber comparison of thermal capsule data from two essentially 

identical filler str ips (mirror image mates). These are strips "1-25" and "4-2" wSich were 

positioned near each other in the hot buffer region (we Figure 4-24). Both filler strips were 

froctured at station 24, but hod different characteristics in cther respects. Filler strip 

"4-25" had the highest temperature level (4-100°Z ot station 43) and had a single fracture 

at station 38 whereas ihe maximum temperature :n i;ller strip "4-2" was about 4W0R !ower 
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(40dU at station 42) and it !d multiple fractures at t4e hot end. The cocdition of filler 

strip 4-25 is notable i 1 thot there was considerable local comnion around the single fracture 

at station 38. This deyee of local corrosion was not evident in the radiographic evaluation 

of the ather thermal cc;owle instrumented filler rt:ips. 

Figure 4-28 shows therm01 capule &to of axial temperatures of filler strio "6-18' 

which was pitimed autside the hot buffer region. The m d  temperatures ore in close 

agreement and witsin the range  of predicted temperatures. Filler ship "6-18" had no 

noticeable fractures and the rodiogr.,h disclored little or no detectable corrosion. Figure 

4-28 also illustrates a cmparisan of fil!er strip thermal capsule data obtained frm the 
NRX-A2, NRX-A3 and NRX,&ST reactor tests, The Imer tempcratues shown far the NRX-.U 

ore associated with a different seal system design which hod o lower flow impedance. Seal 

segnents for the NRX-AS reactor are 1 inch long compawx! to 1.5 inches for the previovs 

NRX reoctm. The resultant seal coolant flow is about 30 percent greater and the maximum 

seal coolaat temperature was therefore 5OOoR lower for the NRX-AS deign os compared to 

the NW/ESl. 



Figure 4-24. Core Orientation and Cluster Identification 



FILLER STRIP FRACTURES 
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Figure 4-25. NRX-A5 Thermal Capsule Data in Hot Buffer Filler Strips - 
F.S. 4-8 and F.S. 4-18 
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Figure 4-26. NRX-A5 Theimcsl Capsule Data in Hot Buffer Filler Strip: - 
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Figure 4-27. NRX-A5 Thermal Copule Data in Hot Buffer 'iller Strips - 
F.S. 4-25 and F.S. 4-2 
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CORE TIEIQWP- ANAILVSIS * 

5.1 INTRODUCTION 

The NRX-A5 core pressure drop and the results of the thermocouple and thermal 

capsule measurements are discussed. The change in core temperature distribution resulting 

from control drum movement, inlet temperature asymmetry, and the shim pattern are 

discussed. A transient analysis of a peripheral elemeit during shutdown i s  included. 

Ccwnparisons wi th  previous reactor test data arz made w'nere applicable. 

* Major contributors to this chapter were R. Agosti, G. Cort, W. Horton and M. Woods 



5.2 SUMMARY 

The NRX-A5 overall performance agreed reasonably well wi th pre- and post-test 

predictions using analytical models similar to those used for previous reactor analyses. 

Temperature distributions within the core were obtained from the continuously 

recording thermocouples located in the unfueled elements at stutions 8, 20, 26, and 32 and 

from thermal capsules which were also located in the unfueled elements and indicated 

maximum temperatures achieved during the test. There were also six thermocouples 

located in on 0.024 inch diameter hole drilled into the inlet end face of three fueled 

elements, IAIG, 5J9T, and 6J4H. Each of these elements had one thermocouple at core 

station 0.5 inches and one at the 1.0 inch location. Thirty-two of the thermocouple 

locations were pre-selected to provide data foro post test statistical analysis. The 

temperature distribution during steady state operation was essentially flat with minor 

variations caused by local differences in core inlet temperature and a maior variation 

caused by corrosion and drum movement near the end of EP-IV. Thernocouples in the 

core central region experienced a sharp decreuse in temperature at various times during 

EP-IV under othewise steady state conditions. This behavior i s  believed due to severe 

local corrosion on the fuel elements. 

The maximum temperatwe in the core central region, measured with a thermal 

capsule at station 44 in an unfueled element, was 470OoR - + 100. This temperature was 

believed to have occurred a i  the start of EP-Ill at a control drum position 0: 109 degrees. 

The maximum temperatur? mnecsured at the core periphery was 4840°R which was probably 

reached at the end of EP-IV with the control drums at 145 degrees. The average fuel 

element exit gas temperatures that correspond to these maximum sensor temperatures were 

calculated to be 4 2 p R  and 4275'R respectively. 

Analysis of variance on the core thermocouples indiccted that there was a slight 

radial and circumferential temperature variation throug4out most of the fu!! power life, but 

that Q strong radial effect did not appear until the end of EP-1'4. During the perids of full 

power speration in EP-I l l  and EP-IV with control drum positiom varying from 109 to 145 
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degrees, no azimuthal temperature variation could be detected related tr :7e power 

scalloping caused by drum rotation. At the low power (229 MW) hold in EP-I:I with control 

drums at 97 degrees, the station 26 thermocouples indicated a slight azimuthal temperature 

variation which could be related 13 the power scalloping. 

Measurements of core pressure drop were from 5 percent to 8 percent lower ttun 

post test calculations at the full power holds. Part of this difference is  attributable to a 

change in flow impedance ca,;ed by significant bora corrosion and wrt must be athibuted 

to lower friction factors than predicted. 

The tie rod material temperatures at the core exit plane were measured in 

seven clusters and were nominally in agreement Nith calculated values at full power. At  

low power, the calculated temperatures were about &OR coder than measured. The latest 

thermal conductivity data on pyrogaphite sleeves were used for these calculations. 

Cracking at the comers of the peripheral fuel elements was observed in the 

NRX-A5 and previous reactor tests. One contributing cauje of thesz cracks i s  suspected 

to be temperature variations within elements and between elements during transients. A 

transient thermal analysis of Q por .Gn of the J9 fuel ciuster was performed. Stress analysis 

indicated that the calculated temperature variations alone are insufficient to hove caused 

failure of the element unless the cross section was considerably weakened by ccrrosion. The 

notching of the outermost corners of the peripheral fuel elements in the nominal (cold) filler 

strip sectors appears to be coused by the radial inflow of lcteral support cooiant. 



5.3 CORE PWESWRE DROP 

T h e  past test calculat;cuis for the NRX-A5 core pressure drop were b e d  on 

MCAP models for the as-built core similor to the ones described for pv iaus  reacton.* T h t  

&I consisted of 28 ponaiiel c h e l s  boKd on the power foctorr a d  orifice s i z a  far 

sixteen acre-inch radial core increments wirh twelve dditional chonirtls at the care pcriphcry. 

Ai l  of the power factors in the model were adiusted to 

the va ia f t  pow- holds. 

fa drum angle tfhctr at 

Table 5-1 summarizes the calculated a d  m u x s c d  core pressure drgr at tight 

fu!l power hold ti- in EP-Ill and EP-IV. T k  c-~lculated VOIW a n  consistently higher 

thn .noarred &- about the s a m e  wmmt as was observed in h e  NRX/'EST, a d  the 

difference has a slight t d c n c y  to increase with wzning time. The inereuse in this preenrrc 

drop diffm.lce, coupled with the t b . g e  in the meowred value during the cuu indicated 

that c m i m  effects conhihurt to the ohserved differences, but do not explai? h 

difference at start of life, Table 5-2 presents similor data for NRX/EST which olw, 

i n d i c m  thct removcl of guphite due to conasion m y  inc- the prerrure drop difference 

at the end ot life hut that the 5 percmt difierence at star t  of l i fe is real and unrelated to 

co-%ion, The probable error is the friction :actor correlation which Is b o d  on a chonnel 

roughness measurement made on NRX-A3 elements at ambient conditions. The combined 

effects of thicker coatings at operating temperatures in NRX/EST and NRX-AS could account 

for approximately 4 psi of the obaerved pressure drop difference, 

Toble 5-3 presents the results obtained by using tt ;. measured pressure drop in the 

MCAF models to calculate the core flow. The inlet and exit plenum conditions are specified 

or,d the flow klances between tie rod and fueled charrnels are calculated for the specified 

pressure drop. In addition, the core and tie rod power are calculated by the enthalpy rise 

~ ~ ~~ ~~ 

LVANL-TNR-119, "AnaIysis of NRX-A2 Test Results" 

WANL-TdR-202, "NRX-A3 Reactor Final Test Report" 

CVANL-TNR-2 16, "NRX/EST Reoetw Test Aiiolysis Report" 
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using ths specified plmLm cd i t ia ts  and the calculated flows. The calculated reactor flow 

is low by as much as 4 percent of the mecsu~cmcnb and c-ent!y the colculattd rwctcr 

7 is low by the sane percentage, Since there is no evidence of additional flow w i n g  

the fud element coolant channels, the colwlated core pressure drop, power, d flow can 

behraught into- . t with 

fC8Ctt.S). 

v o l ~ a  by odiinting the flaw inpeQnct (frictim 
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TABLE 5-1 

NRX-A5 COMPARiSOh’ CF ?.XASLJRED AND 
CALCULATED CORE P).ESSURE MOPS 

%cent 
Diitmcnce 

EP-r I I 
23100 (sc.’) 

25700 

25930 

26247.5 

EP-IV 

i 13002.5 

13242.5 

13482.5 

138 12.5 (eol) 

Marwred 
Psi 

119 

116 

1 !9 

118 

118 

118 

118 

117 

ca I culatec-lreosursd -- Calculated l a  
hi Caiculatt.’ 

125.9 

121.7 

126.2 

124.6 

125.3 

124.4 

125.5 

127.0 

5.5 

2- 2 

6.4 

5.3 

5.8 

5. i 

6.0 

7.9 



Design Full Power 

Star t  of Life 

Meorwed 

Colculoted 

% Difference 

TAME 5-2 

CORE PRESSURE OROP COMPARISON E W E E N  
NRX-AS AND NRX/ESf 

NRX/GT NRX-A5 

$tort of s@wnd 
Full Power Hold 

Measured 

Calculoted 

Difference 

End of Life 

Measured 

Calculated 

96 Difference 

120 125 

109.0 (EP-Ill 119.0 (EP-Ill 
22429) =I 

115.0 125.3 

5.2 5.5 

112.1 (EP-IV A 1?8.O (EP-IV 

122.5 125.3 

8.5 5.8 

9295) 13002.5) 

112.2 (EP-IV A 117 (EP-IV 

12 1.5 127.0 

7.7 7.9 

10045) 138 12.5) 
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TABLE 5-3 

NRX-45 COMPARISON OF MEASURED AND CALCULATED CORE 
FLOW AF;D POWER FOR MEASURED PRESSURE 

DROP AND CHAMBER CONDITIONS 

Conhol 
Room T i m  Colc. Mas. Colc. Meas. * 

EP-I I I 

25400 69.6 71.5 1084.4 1119 
25700 69.3 70.9 1023.0 1051 
25930 69.1 71.4 1077.1 1m 
24247.5 69. 71.4 1046.4 loel 

EP-IV 

13002.5 69.1 71.1 1085.7 1120 
13242.5 49.5 71.3 366.8 1099 

134C2.5 69.2 71.3 1069.3 1 la5 
13012.5 68.4 71.2 1063.9 1112 

* Two Standad f”)viat:on aceumcy is - + 1 Ib/sec in meawred flow and approximately 
+22 MW in AS& power - 
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5.4 CORE TEMPERATURES 

5.4.1 Placemmt of knsors 

The thermocouple locotions in NRX-A5 d i f f d  from previous reoctm chiefly 

in that sane of the locations were planned to yield gcater post test information. The 

locotions were selected to ochieve balcnce' between the effects of rodh, axial position, 

and circmferential position and thur F i t  the statistical evalwtion of these combined 

effects. hiefly, the thennocouples were installed in four axial stations - 8, 20, 26, d 
32 inches; four d i a l  positions - 2, 10, 14, and 16 inches; two circumferential ngia - 
120 d w  and 300 depes; and either on-drums or between drums. In summory, the 
complete requirement of loeaticms on this stutistical h i s  represent 26 possible cotnbinatim 

of which one half were selected and utiiired in the identification of thermocouple place- 

ments in the core. Additionol thermocouples were placed in the NRX-AS which e x ~ t ~ d d  

the total number required by the stat is t ica l  approach. These c Mitionrl thermocouples were 

placed prirnaily for reactor control plrpoaes. There were also ;bee thermocouples at 

statim 0.5 inches and thee at station 1.0 inch in the NRX-AS. These six thermocouples 

were located in a 0.024 inch diameter hole drilled into the inlet end foce cf fuel elements, 

lAlG, SJQT, and 6J4H. Table 5-4 shows the core IocGt ims where thermocouples were 

positiond far the statistical analysis. h e m 1  of the thmocouple locations wen? dudicated 

in the cerdrai element by using mare thon one shim hole. 

The analysis of t k  temperatuw?s measured by the sensors s b m  in Table 5-4 takes 

the form of anolysis of variance; a powerful tool which co;npares the o k r v e d  variance 

attributed to planned or expected causes (such as core radius) with the residual, or random 

varionce in the data. ** The results of the statistical analysis of the thermocouples placed 

in the planned experiment is included in Section 5.4.9. 

An equal number of thermocouples at each different position. 

** Pamtt, Lymn G., hobability and Experimental Errors in Science, Wiley, New York, 1961. 
Davies, 0. L., Design and Analysis of Industrial Expc riments, Hofner, New Yo&. 



TAME 5-4 

INSTRUMENTATION FOR ANALYSIS OF 
VARIANCE IN NRX-A5 

Cluster 

1A 1 

3A1 

4Al 

6A1 

3E1 

6E 1 

3F3 

6F3 

3G1 

6G1 

3H3 

6H3 

2J9Q 

3J3Q 

5J9Q 

6 J3Q 

Radial Dirtonce (hches) Statim 

2 

2 

2 

2 

10 

10 

10 

10 

14 

14 

14 

14 

16 

16 

16 

8 
26 

8 
26 

20 
32 

20 
32 

20 
32 
8 

26 

8 
26 

20 
32 

8 
26 

20 
32 

20 
32 
8 

26 

20 
32 

8 
26 

8 
32 

16 20 
32 eeE- I b - 
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Nvmber of 
Thermocouples 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
2 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 



5.4.2 Rod:aI CWC - Tcmpcratum DistrituJtions 

5.4.2.1 hd ia l  Tempera ture Profiles for EP-Ill and EP-IV 

The meosured th,rmocwple data i s  shown in Figures 5-1 through 5-4 os a 

function of radial position for two steody state hold times in EP-Ill and two in EP-IV. 

All of the data wos utilized; not just the core thermocouples corresponding to the locoti- 

shown in Toble 5-4. The multiple regession curve fit at each station and hold time is also 

shown with its three standard oeviation error. This error represents the actual random 

tempenrhrre variation after subtrcicting the effects of instrument accuracy ( e m  bond). 

The total random variatim (3 (I Total) includes the actual random temperature 

variation as wel l  os the accuracy with which an individual te*ature can be determined. 

The accuracy for each thermocouple reading (30 Read) at full power is  46% at station 8, 

100% at station 20, 117% at station 26, and 150% at station 32. The random temperature 

variation (3 @ ) is found by following equation: 
Temp 

The radial core temperature profiles for the first hold, the low power (229 MW) 

hold at ?he start of EP-Ill, are shown in Figure 5-1. The control drum position was 97 

degc *. P slight radial dependence to the curve f i t  and small random errors in the data 

are evident. The total random e m  in the data is  less than the instrument accurocy 

(thermocoupk :Fading error) for stations 20, 26, and 32. 

Figure 5-2 shows the radial core temperature profile at the start of the first full 

power hold, CRT 25400 seconds in EP-Ill, at a control drum position of 109.2 degrees. The 

temperatures are flat with random variations from eiement to element. The random variations 

are larger than for the low power hold. Figure 5-3 shows similar data at the start of 

EP-IV at a control drum position of 114.8O (which corresponds to the core orificing angle). 

The random errors at stations 20 and 26 are slightly larger than at the start of EP-Ill due 

to the effect of mid-bond corrosion, however, the temperature profiles are also flat. 
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At the ecrd of life, the thermocouples in the core central region showed 

sipificant reductions in temperature due to pinholing and subseguent interstitial flow, see 

Section 5.4.4.2. Therefore, these tkrmocouple readings were excluded from the multiple 

regession analysis at the end of life. Figure 5-4 shows the temperatures cnd rodial curve 

fits at the end of EP-IV, 13812.5 seconds (CRT). These curve fits indicate a strong d i a l  

dependence. Because of the lack of data at the core center, the curve fits were 

extrapolated in this region. Section 5.4.9 contains an additional discussion of the 

statistical analysis approach and comparisons with NRX/EST start cc 1;fe (SOL) and e+ of life 

(EOL) core temperatures. 



8 
Q) 8 0 

PD 

9 
4 
9 

(Y 

L 

c 
9 

m w 

i 

!!! 
3 
0 
c 

ii 
E 
0, 
I- 

E 
3 

Li 

c 
I 

v) 



f B 

E 
2 
0 

c 
Qc 
LJ 

5-14 



u) w P 
0) 
C a 
E 
2 
0 

c 
I 
k 
V 

v) 

I 
a 
5 
Z 

I 
v) 



E 
2 n 



Astronuclear 
Laboratory 

5.4.2.2 - TR'Lt: Analysis 

The NRX-A5 core was orificed to achieve a flat radial fuel temperature 

distribution at t k  dzsign conditions* of 1120 MW power, ? 15 degree control drum position, 

71.3 Ib/sec flow rare, 242 R core inlet temperature, arJ  573 p i a  nozzle chamber presstrre. 

Since tbe c3re r,perr.ted very L ' y e  to these design m in t  co.:ditions throughout most of tt-e 

power runs, it is not surprising ttlot the observed radial temperature distributions are 

relatively flr.i, except at tl,e end of life. 

0 

Radial core temperature Gistributions wzre calculated by the TRACK** computer 

progdm using a model of a 30 degree symmetr:,: segment of a fuel cluster which included 

the central unfueled elerrent, associated hardware, and adjacent fueled elements. Radial 

conduction is  cons:-ke< at  the core st5tions used in the model. 

Figure? 3-5 and 5-6 show the calculated radial sensor and fuel temperature 

distributions j t  stations 26, 32, and A 4  at two full power holds in EP-IV. Also shown for 

con+ar;sOn are the mu1 tipbe regression curve 5'; of the me--dr:d sensor temperatures. 

The core operoting conditiov: at  these two holk  are shown in Table 5-5 and 

compared with the design values. Except for the cr.rrt.-ol drum position at end of iife, 

(CRT 13812.5) al l  of the >mameters are c1r.s t; the design values. The measured and 

caIci,iated sensor te.nperJtures are in aprzement within the accuracy limits of the measure- 

ments. 

* WANL-1ME-1389 "NRX-A5 Reactor Analysis Data" 

** A. Y. Le., M. D. Woods, and A. G. Eggers, '7ransient Analysis of a Heat Generathg 
Solid and i ts  .4pplication to NERVA Reactor Control Drums", AIAA Paper No. 66-575. 



TABLE 5-5 

NRX-AS CORE C ERATING CONDITIONS IN EP-IV AND 
COMPARISON WiTH DESIGN VALU€S 

Condition CRT-13002.5 CRT-13812.5 Design* 

1. Reactor Power, M W  1120 1112 1120 

2. Reactcr Flow, Ib/sec 71.1 71.? 71.3 

5. Control h m  Position, Degrees 114.8 145 115 

4. Ccre inlet Temperotvre, OR 2.38 243 242 

5. N a u k  Chamber ..emperature, % 41 14 4089 4090 

6. Nozzle Chamber Resure, psi0 566 558 573 

7. Core Pressure Drop, psid 118 117 12s 

8. Average Fuel Exit** 
 as Temperature, OR 4310 4275 4283 

* WA'.,-TME-1389, "NRX-A5 Reactor Analysis Data. " 

+* Calculated From Measured Data 
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5.4.3 Axial Temperature Profilcr 

Axial temperature profiles at the stort and tnd of EP-IV are presented for the 

described in Figure 5-7. thre~ radial resions ( c ~ n h ~ l ,  trough, and pripheral) which 

T b  regions were ~ l t c t e d  on the h i s  of the ohserved corrosion &vim a d  the 

nomiml d i o l  pow- distribution which is  also S h a w n  in Figure 5-7. fht axial tempem- 

p ro f i k  were colculakd with the TRACK cluster modtl using the a-hri l t  orificing Ond the 

meowred p ~ - m r  and plenum conditions. Thc core design jx ia l  power dirtribtion shown in 

the NRX-AS doto book, * Index E.5.9.12 was used for the calculotiar. Calculated 

tewpemhrres bttwtcn stations 0 and 8 i n c h  are not p-td kcolnt the presently 

available carvtc?ive heat *ansfer carnlatims are in MOF in this region. 

F i g u n  5-8 shaws tk calculated axial rcmpcmture profiles in the centrol region 

or the core at the stort of EP-I\' and Figure 5-9 shows the axial pcfila at the end of EP-IV 

(EOL). T k  decrease in the central ftgim tempcrohrrtr dw to carrumion a d  control drum 

roll-aut is clearly evident by compormg the datu or. Figures 5-B ard 5-9, Al l  of tht 
curves inc:i& a tabulation of the pertinent COW operating conditions. T k  &I capmle 

datu indimWs the highcrt temperatures apaimcad bring the I i fe t im of the can. For 

tht c ~ n t m l  -ion the maximum t ~ p e r o t w ~  pbob!y 01;cCRfcd at tk start of life. T k  

s b r p  decrease in the stat ions 20, 26, and 32 n - d  tempemturts whlch are s h  in 

figure 5-9 is c o d  by severe lac01 conusion. (kc Section 5.4.5 for o dttoild discussion, 

The measured ord colculotd tcmpcratures in the trough d i a l  region are shown 

in Figurc 5-10 for s t a r t  of EP-IV ond in Figure 5-1; for end of EP-IV. The ag-t 

between nmrsurd and calcuiatd temperahKes i s  quite good in the trough region, as m y  

be expected since this region tud smaller temperature variatims o a result of grass 

corrosim. drum movement, and inlet temperature asymmetry than the c~rltrol and pcri$:mol 

regions. 

WANL-TME-1389, "NRX-A5 Reactor Analysis Data. " 
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Thc -hrres in the peripksl rcgim- r b w n  in F i v  5-12 ond 5-1 3 

i n d  sigrif iurrtly dur:ng tk EP-IV hi$ 

comqmds to the end of life conditians only is s h  a Figvre 5-12 for comporicty. 

'hold. T! : them01 coprut+ &to which 

M x - a  : 34 8J cmridemble guantity of t k  instnJrtwntatian plocd in r i : r . r + - d i n g  

element locatiaa in six cole =tors. Thenfore, it is pouible to o h i n  sonre well-defined 

oxiol tcnpemtwt pdila using at !-t two sensors at every sbt ion.  In oddition, the 

thanwrl coprule dot0 povidcd odditiawrl temperatures fa these axial pofila. F i g u c  5-14 
shows the d oxiol ttrym0tu;t profile at the corc center at .he start of the E?-IV 

high power hold, The sensors me all in the AIA elements of the six wctors. The curve 

sham t h t  the m o t u r c ~   or^ in agtemnt, lhcrc is little difference bct*r~m the 

thamoEouple ond t)rcnnal rdings.' Similar dota and raultr ore I)wrrm fw thc 

core periphery at ed of life. Figure 5-15 rlwrrs 011 -b in elements J9Q (six 

KC-), and Figure 5-16 ~hows all m t t m e n t ~  in elements J3P ad JXJ in thc six 

ston,  It is to be noted that the elements 3J9Q (Figure 5-14) d SJ3P (figure 5-16) 
l o o ~ t d  in tht hot buff- p i -  zoll~, The dab indica- ttmt the tcnperptures 

in the hot hrffer 

of thc hot h r h  

k t i t m  5.4.4. 3, 

p iphc ry  m y  hove been c o o k  t+um ocpccted. The pasiMe affect 

p i p e  UI the CO~C -3tufe~ is d ' k d  in m &hi1 in 

* The accuracy of on individucl temperature reading i s  + looSl for the thamol cop#rla 
and + 46%, + lOOOR, * 117%, + 150% far tach of tL statim 8, 20. 26, and 32 
th&LcarpI& rtspcti&Iy. T& occumcics repesent thee rtanciard deviation 
txtr@mes. 
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Figure 416. Axial Sensor lemperoture 3rofile for J3 Cluster Elements 
ot EOL NRX-A5 EPlV EOL CRT-13812.5 



'See WANL-TME-1091 A detailed nuclear c d c  for colculating individual channel 

+%ANL-TME-944 A multiple chonnel m i p i s  program (MCAP) for the tmprohm 

pow- fma. 

distribution in on internally cooled b t  generating d i d  cooled by a compressible gas. 
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T k  cffcct of mid- c m i m  on the rtnmocar ple readings during EP-IV 

of NRX-A5 were simi lar  to t b  oisavai &ring EP-IV -1 of NRX/’EST. Figurer 5-18 

t)rough 3-20 show the time mces for the setion 20, 26, ad 32 thewnocoupla near t k  

end of tht EP-IV high porrcr hdd. Note tht series of s l u r p  d a m  in rht 1-668, 1 4 5 ,  

T-680,T-6218T-678, 1- 4 1450 tcmpaohrm- These  thamocoupla are all locottd in 

t)W ~ ~ n t m l  q i m  of tk C Q ~ .  

sbwirrg either cormtact, or slightly incming t-otutr at tk core Cdgc &c to drwn 
rollout. The nozzle c h k r  tanprom was also castant except for minor trim, 

Thc 3Sp dcatQcs in tarpaahr~ of individual thcrmocar~la ~rc attributd to pinholes 

ad c h l  VWUZ in cdi0c-t f d c d  elements which *It in i d  intercl-t 

flaw, P a t  e t  exmninatim of these thamocoupla revealed no dorm* which would 

p m t  a tnrc tcmQcrotur~ rarding. 

Daring this ti- wid thc other C Q ~  tht;mocoupla 
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Figure 5-18. NRX-A5 EPlV EO1 Station 20 Core Moterial Temperatures 
\ 
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5.4.4.3 Hot Buffer Periphery 

A circumferential symmetry wos noted in the meMured core moterial 

temperatures in the region of the hot buffer periphery (See Section S.4.S). The meosured 

,.ore roterial temperatures were gmeraIIy about I&% c d e r  in the hot buffer regicm 

(1/2 of core sectors 3 ond 5 and all of sector 4) thon in the remainder of the core. This 

effect was noted at all steady stute power holds except at the end of life. The reoson far 

there cooler temperatures is attributed to Q local reduction in the core inlet temperature 

in the hot buffer region (See Seetion 4.3.1 for odditimal discusion). A deem 

in the core inlet tempmture of 10°R w i l l  cause a 5OoR decrease in the channel exit 

temperature for a chonrel with c power factor of 0.9 reiative to average (representative 

of the periphery). The local reductia! of core inlet temperatare i s  attributed to the foct 

thot the filler s t r i p  in the hot buffer region ore cooiecl by conduction to the odjocent fuel 

elements rather than by the flow in the lateral support region. The reduction in k t  input 

to the lateral support flow could result in lower shield dome plenum and core inlet 

tempemtures. The temperature asymmetry is not related to nozzle outlet temperature and/or 
the privy roof mounted shield as was the case in the NRX/EST, (NRX-A5 had no shield). 

Figurs 5-21 and 5-22 show the azimuthal variation in the core inlet temperature, shield 

dome end temperature, and the reflector inler ?emperatwe at the start and end of EP-IV. 

The reflector inlet temperatures are relatively constant within the 2 0 accurocy of 6.6% 

but the variation in the shield dome end temperature and core inlet temperature indicates 

thot the source of the asymmetry is in the lateral support region. The odditi-I k t  

conducted into the fuel elements from the uncooled filler str ips does not significontly 

increase the core material temperatures at the edge because the amount of additioml heat 

i s  relatively small compared with the fuel element power generation. The sensors are 

located in the first row of ucfueled elements and the heat conducted from the filler strips 

does not cause a temperature increase beyond the second row of coolant channels in the 

outer row of fueled elements. Figure 5-23 shows the rodial temperature distribution in 

element J9H in a direction perpendicular to the filler strip-element interface. The 
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temperature profile becomes newly flat beylond the saxnd row of channels, and hence the 

tenfon are not influenced by heat corrducted from the filler s t r i p .  

A minor carhibution to the reduction in temperature m y  be the reduced power 

pnerotion ot the hot buffer periphery heccnne of the higher filler strip terrpemtures. This 

effect hos been calculated to couse a 1 percent reduction in power although pcst test goss 

ionization m t e m e n t f  afe inconclusive, (See Chopter 9). 

r 
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5.4.4. Effect  c -- Shim - 
.% slight &mrthal tapIatun & k t  caurcd by the shim potthn r#tcd in 

the NSXfkST Test Rcoat ,  WANL TNR-216. No similar temperature asymmetry -Id be 

dtacCtcd in NUX-&, becous~ both thc Aiming pottern w 

m d  v q  spmnetricol, in th t  NRX/EST, 87 TAC (hantaium d i d e  di- in ga9hite) 

almmtr were co.xhtrated nem the core center while NRX-AS hod only 54 of theot 
denentr well-d;ymKd thracghoot the cote os shown in F i v  5-24. Houever, the e fkt  

d thc NU-AS shimr wus Obsened in tt lt post test gaar h i t o t i o n  meoruremrnb (ie 
Chptcr 9, Figum 9-6 and 9-10), 

imtnJmentotion were d i m  

Although examination of individual thermocouple d i n g s  in N U - A 5  did not 

reveal a consistent aspmetrical effect due to the locotion of the TAC sctimmed elements, 

ttte aurlysis of voriance indicated a radial effect was present at al l  holds except the 

SOL in EP-Ill. F i p e  5-24 reveals a 'elative conrrentrotion of shims in the "F" R o w  at 

core radius 11 i r c k .  A re!:*ive shim density was defined 0s the number cf shimmed 

clrnents per unit cross stctionol or- of the core in each of the rodiol bonds conbining 

shim. T k  number ot TAC elements pw square inch of core cross section was very close 

to <r ccmsbnt value of 0.06 at all core radii except near 11 and 14 inches. This distribution 

may be noted an Figure 5-25. The average core material temperatures also show a relative 

decrease at this awroxi-rate core rdivs. The local effect of the power depreuion caused 

oy shims hos h ,.I estimated t3 be from 1 to 3 percent which would result in frm 50 to 150% 

cooler exit tmmratures in the fuel elements adjacent to ths shims, This agrees with the 

o b e d  temperature deviations s h o w  in F ipre 5-25, since the temperatures at radius 10 

inches are approximately ICUI'R cooler t t m r  at o t k r  radial paitims. 
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5.4.5 himutho1 fcmpcro turt Distribution 

atimthol temperatwe variations w ~ n  f d  in NRX-AS relative :o tha hot 

buffer peripky. 

variations between - located opprxitc the conhol bucn centerliw ad senfo~f 

located between control drums. 

In oddition, an omlysis wos modt to determine t k  -t~n 

The goss orimuthol ternpemtue variatim at s t o t i a r  26 010 shorn in F i m  

5-26 through 5-28 for three steady s t u b  holds. These f i w  show tb t  the 

at camporable core dii are generrrlly lower in the hot hrffer region. Thannocarpla in 

tk 6.1 to 7.5 inch and tht 9.7 to 12.8 inch rodiol regions -nd'kak tk -. 
These d i a l  regions contained a wfficimt r w m h  of smwm to mke a good corrpar'km. 

No semscm were locater: in the hot buffer regim W n  r d i i  of 1 3 . 7 d  15.7 inches 

ond only two sensors wece located artside the hot hrffer regiar between rodii d 16.1 

ad 16.9 inches. A negotive s b p e  in kmpemtwe Oris% in the hot bffer region from 

azimuth angles 150 t)rough 270 

hold. Referring to Figure 5-28 for the end of life, there is no+ as much evidence fa the 

temperature reduction in the hot bfkr region, probDMy becauoe of the goas earnrim of 

the elements and the resulting conh~l drum effects. 

at the EP-Ill hoM and at the otat d the EPdV 

As explained in Section 5.4.4.3, the core inlet tengeroture is  also lower 

in the hot buffer region and this contributes to the +ed cote m a t e d  tempem- 

reduction. Figures 5-21 and 5-22 shuw thot the cooler axe inlet ttmQcrature 

rodially from the core edge to opproximotely the 10 inch mdius. In odditim the cote 

inlet temperatures display o negotive slope from azimuth angles 150 through 27C & p e s  

in the b t  brffer region, similar to the core material temperatures. 

Power foctor scalloping in the core periphery is present at all canttol dim 

positions due to the design of :he reflector system ond the control drums. The degree of 
power factor scalloping is dependent on the control drum position. The power factor 
scalloping is greatest when the cmtrol drums are rotated "in" ond the effect becomes 



rrnollr Q tb ctuns r-ts "aut'. Pcwer kta rullloping is  pres&nt at the orifice mgk 

d 115 dagnar, bt h arifiiing v t c s  for ?his 

arihwthal temp.ratue +wiatiollf duc YO control drum pi t ions 

the rkrt d lift a d  end of life m NRX-AS due to the scheme u d  in orificing and shimming 

the core. 

distribtiaa. Therefore, 

v k d  to =CUI at 

A slight tempmume vaiatiar associated wi th  the control dnm p i t i -  o c c d  

during the low plrwer hold (229 MW) at the s t a t  of EP 111. The multiple regeoricm arrlpb 

was u d ,  Q in NRX/EST, 

sywmetricol oegnlent e x d i n g  fmm on tk bucn mterl ine to mktwoy be- tk hmm. 

The mrmolized azinuthol pitim, W, Vaid froen 0 to 15 degees, The Qsumed paa~tcr r  

to fit rht doh in the multiple -ion w l p i s  included Q and R 8' tanrr. Figue 5-29 

the doh a d  the results of the eonela*icm at sbtion 26 for this law power hold, The 

mlking ail orimrthol p i t h s  of tk doto to a single 

2 

resulting correbtion egwtion is: 

T = 1650 - 7.6163R + .01701R2' 
Where 

The toh 

T = KmorYefnpemtur@, OR 
R = mmd ius ,  inches 

(r = normalized azhuthol position (0-15 degeer) 
randan e t ~ l  in the doto w a ~  less tiwn the thermocarple d n  enor. As 

expected, the temperatwes ae lower opposite the drums than between drums because of 

the -in' position (97') relative to the orificed angle. No other correlation with azimuthal 

podition wos o h i d  for the p e r  holds in EP-Ill und EP-IV. 

A second attempt t., determine the o n 4  drum variation at full power was the 

exknsive thermol c a p l e  doto in the J R w  of sector six. Additioml datu in th. other five 

wetc also utilized. As shown in Figure 5-30 no significant vaioticm oppomr 

althargh the strong radial deydence at t k  end of life was evident. Thermal capsules in 

the J Row repwent end of life carditions becarse the highest temperatures are experienced 

at the periphery with drums roiled Out. The approximate size of the control drums i s  shown 

to give m indication of the scale. 1% temperature effects can be attributed to the praximity 
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to drums. This conclusion is in ageanent with the raults of the onalysis of wrimce 

on care thermocarQla which showed no mta~umble effect &e to orimuthol sensor 

position nlotivt to cmhd h. 

No s i g r i f i w t  arimuthol (CiKwnfcrerrtial) CQC moterial tenparohre vaiotim 

w ~ r e  farnd in NRX/EST cxccpt slightly I- tcAlpclotueQ w c r ~  meQMQd in tht 0e0l 

-ion, reflector and c e p r i p k y  in line with the nozzle Mad part, and also in the 

region of the pcivy roof marnted shield. 
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5.4.6 Thermcll Capsule Mwruraments 

The thermol capsule data cannot be related to any specific power b l d  b e c w  

the doto indicates only the highest temperatures expaienced during operation. At the 

center of the core the highest temperatures occurred at the start of l i fe ond at the periphery 

the hi-t temperatures occurred at the end of EP-IV with the control drums at 1450. 

TaMe 5-7 presents the rewlts of the multiple repsion analysis and also includes the 

NRWEST rewlts for comparison. The rondom err= are crwrsiderably larger and the 

maximum temperatures are lower in NRX/EST chiefly because of additional centml element 

cooling caused by the extensive hot end surface corrosion. The post-operative examinations 

of the two reactors ond the lateral support pressure distributions* confirm that the periphery 

of the NRX-A5 core was in better condition (and hence hod less d i a l  inflow at EOL) thm 

the periphery of the NRX/EST core. Figure 5-31 shows the radial St to the NRX-AS 

t h l  capsule data at station 44 inches. Figure 5-32 s k m  similar data for NRX/EST. 

Fifteen data points were excluded from the NRX/EST I egression f i t  shown in Figure 5-32. 

The thermal copsule reading error of - + 100% wcrs subtracteci from the total 

random error in the data in both cases similar to past practice, i. e., 

3fJ Temp = * - . 
The maximum thermal capsule temperature of 4840°R, occurred in elements 

6J5E and 6J9J. The maximum temperatures in NRX/EST were 4800OR. Using the multiple 

regression equations for al l  thermo! capsule data, the maximum temperatures were 486PR 

at core *.dius 17.0 inches in NRX-A5 and 48%% in NRX/EST. The 2@ variation was 

applied in sach case. 

* See Section 4.3.2 for further discussion 

e 
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?he station 44 thermal capsule temperatures at the center of the core in NRX-AS 

were neorly 2O@R hotter than in NRX/CT. In the d i a l  bmd belween 0 and 10 inches. 

NRX-AS hod only 3 reodingr compared to 10 readings far NRX/EST. The highest central 

region temperatures were generally expected at the start of l i fe fcr both reactors. The 

conprison in Section 5.4.7 confirms thot mutarial temperatures, power and nozzle chamber 

temperatures were higher at SOL in NRX-A5 than in NRX/EST. However, the diffe-ence 

is not greot enough to cccount for all of the 200% temperature difference between reactors. 

An odditianol difference between NtU(/EST and NRX-AS is  thot kitX/EST had considerably 

more shims in the central region which reduce the local power generation. C~lporison of 

gross ioniro*ion measurements in the rwo reactors confirm that the average power fGctor 

deviations could account for lower central temperatures of NRX/EST than NRX-AS. Again, 

the difference is not great enough to account for all of the 20@R difference. 



TABLE 5-7 

EQUATIONS OF MULTIPLE REGRESSION FIT TO THERMAL 
CAPSULE TEMPERATURES, CORE STATION 44 INCHES 

T = Temperature, On 

r = core radius, inches 

NRX-A5 

= 4613+0.03r3 

= + 141 - 
No. of Points 38 

T (r = 17) = 4760 

T (r = 0) = 4613 

Central Only (r from 0 to 15) 

T (r) = 4607+?.48? 

Sa Temp - = + 66 

No. of Points 11 

T (r = 0) = 4607 

J Row Only (r from 15 to 17) 

T (r) = 3521 + 74.56r 

= + 149 3 4  Temp - 
r!a. of Points 27 

T (r = 17) = 4788 

*Excluding data pcints in J row reading less than 4450°R 

N RX/EST* 

= 4412 + 1.or2 

+ 271 

40 
= 4701 

= 4412 

- 

= 4411 +0.95? 

+ 283 - 
23 

= 4411 

= 4488 
+ 230 - 
17 

= 4688 
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5.4.7 Tic Rod Temperatures 

pbst test oolcubtiaa OC the tie rod mot&ol r- at full pacr an within 

W R  of me~ummnts. The thcrmocarpks were iratolled at cue stotiorr 53.5 id in the 

centers af tht hollar 0.122 inch diamttn tie mdp. To 

ne1 flcm cxea of the amulus bttween the iie rod ond the st&nks steel lincr, the tie rod 06- 

fice diomtec. was inaeQcd from 32. S mils to 37.0 mils for tht sarem i- tie rodr 

In additim, mi- chorrgcswue lnodt in the- COCI, to- the tie rod 

diameter. No tit rod exit gar thcrnrocoupks were d in NRX-A5 The nvem tit rod e 

trriol trmpmhnes fhGr o flot d i o l  dithibut;orr w;t)rin limits d i 100.R at all hdQ. Fig- 

fa the rcdvction is dum- 

un 5-33 dran the rrmperohrrabn’rrg the l a  parer (rn - welt the r)at d EP-Ill 

(CRT 25247.5 QCCOIIQ) snd two tGll power )uldE in EPIV (CRT 13002.5 ard CQT 13812. S, 

EOLL A kast-oqwraeumfittothetatQragiwraflatdialteqmduepdSkfar 

the luw po*nr hold and the E O L h d d  The aalcubted tie rod nmtena - ItcapeEohrraar, 

shuwn by dattd lines in 3re figu, a d  a e  slightly d e r  than the - d u e s  d C 

paer. Therli+ttt;rpcrotuti- (approotimotely 3o.R) ot +%e am during EPlV 

i s  attributed to hi+ peri+ral p~kcr os o mult d inacoKd amttd dnrnr -le. This 

rccnpmhrrrinacare is also Venficd by the calarlatiara At the CCIltw of the cam, tht 
I. 4 tie rod tcmprohffc h r  a rage dmp during EP-IV. This is pobobly d by 

the d i t iawr l  cooling &e to i-itiol f l a  dim to the tie rod e-. The 

tcmprohrrt drop COMQI he verified wlytioolly rim it i s  inrP0S;bk to c&slatt the local 

i m t i t i a l  flav. It has been estinmted that a &act in tie rod exit teqembm a- PYR could 

-It from on Odjoccrri intmelcment f l a ~  d only O.OOo29 Ib/rtc (kst thar :..‘IO thc *Ad 

flow in o tuel c)wrmtl in the a w e  ctntml region), os~ming hot the intmelcch-ih Q* - d y  

cools the unfueIed elmmnt. Si- the fuel moterial tempmhrret c‘ r-iius 2 i& dropped 

sharply .rear h e  end-of-life due to gross m k . r  and intwelcnent flow (‘ii the fiiguns in 

Section 5.4.1.3, it i s  rcowwwrble to assume tho: thi di t ionol  ’low olro reduced tht tie rod 

exit ttfflpertmtrn. A tic rod pogmm adculati,m was rwrk using h + laa nreoourcd b l  

material tempmsturc: o* EOL os o boundary ccditim, huwcver, the tic 4 tempdv-i- 
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5 - 4 8  Per;phcro I &I E l e m e n t  hr i r rg EP-IVShutdown 

Crocking at the corners of pcriphcml fuel elements was h e d  in tk NRX-AS ad 
For NRX-AS, th is  cracking wgs &wed f a  both the hor brffer d m-0 peviarr react~rr. 

no1 f i l let strip sectors. f! 

:ompored to a symmetric ptt,orn ir, the CKWninal filler strip mgion, T t m p r ~ t u r e  vaiatiarr 

within elements and tetween elements during tmmient operation are suspected of contributing 

to t h i s  failure. Radial inflow of coolcnt from the iateral support system into the core i s  also 

axial distribrticm of crocks in  the hot M e r  regiar was mrdom 



o pasribk awse of foilue as i s  e v i b  by the amelation d cmck d o l  loootim with p i t i o n  

d the h l  #ob in h naminal filler Itn'p se&~~.  

A p i i o n  d o  J9 fkl cluster in the hot b u f k r r g ; a r ~  molped to b i n  th 
teqmuhm vaim'aa between pr-piwral fuel ekmMlr ard the god- oauss ekmcrh 

bn'ng he EP-IV rhrldam An amlysis of a~ ~vccogc fuel element for the m i e n t  

* r ~  nmde fa canpain Pl- amditiana and m o d  flw Khtduleswere o h i d  

from a TNT an!c&ticn. A CAT oolaubtion povidcd h l  =peat #ol 

A mackl d o  *ion of thc J9 h l  c l e h a m  in Figurr 5-34 -- used with lhe TRACK 

-r a d e  to c h i n  fwl el- bamdcsy d i t i o n a  A singk or3iioc size d parrr 

facta was cmocioted with individual fuel el- in this 4 1 ,  T k  artemml barrrdm'cr 

d this makl <mumej adiabatic 

d i t ; -  

figucr 5-35 thmgh 5-37 rhar the tcnpcrahrrr pofiks fur d e l m  includirg 

the u&kd patio1 d he unfukd ccrrtrol elements ot a w e  staths 8, 26, ad SZ in 

Figurcr 5-38 to 540 tht tnnqcrohrre diffuence between thtse elementsad in tllt overage 

fuel e- me oompmd The unfwled patid el- logs c w i b m b l y  Mind tm average 

fuel ekmmt at axestotion 26 (lll(rRat3S- oftershutdcmn). Fucl el- J9H logr 

the ~ v e r o ~ c  alcmnt by W R  ot this time, ad the tmqembm log i s  still increasing. 

The temQcroturc varioiiom (nuuinum to minimum ad average to minimum) in fuel 

elements J9H d J9K dun'ng the EP-IVrhutdam ar shown in Figures 5-41 d 5-42 fa cere 
rtation 26 ond 52, mpectively. The nrrprimnr is minimrm tc~pcr ztum va'otion oclods el* 

merit J9H i s  n a l y  W R  ond s t i l l  incaeasing at 35 seconds oftcr initiotim of the ohutdorm, 

dis- S t r m  -lyses d the peripheml fuel e l m  were m a k  with the 

trihutiaa &id from he thermal analyses discussed h. It was concluded t)rot the caw 

ptkd wniotiga 0cz-c~~ m. e1e.nr.t are insufficient to amse fcilure of the element 

unless the ~ o 6 t  section has been considedly d e n e d  by rubstontiol cornaim. It ;r felt 

hot tht mojaity d the piphero! fuel element br& occurred during d i d l y .  This i s  

indiccted by the clean, uneocroded appmmnce of the beak areas. However, notching of 

thc outermost comers of peripheral fuel elements in the nominal (cold) filler strip secton 
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oppar to be aurcd by d i o l  infljw of lotcrol support seol coolant. The n o ? b  ore formed 

by ammion which fol1c-s the tonnation d emdo ot the C G ~ .  The notches are generully 

oli&newith the forwed edge of tht h l  support -1 cow, 
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Figure 5-34. J9 CLster Model 
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S.4.9 Sktistical Anolysis d Core Tanpro  tucJ 

In previous rwctm, the rc - al dd azimuth' variaticnr in memural cote 

-hrer WCCT ~ l y z d  by a mlt ip '  rqessicm %hni<)ue.' While this m e M  b 

for -ining the extent to which initially random ternpaatwe variatias can 

be r e d u d  by fitting o curve to the &to, the stotisticol pkn for the thcmocarple plocc- 

merit in NRX-AS pernrittd a ~ O I T  c a n p c k i r e  onalpis of th& &to md insures h 

proper evulwticm of othe~~'ke UKkttCtaMe systematic vaiatims. As described in Section 

3.4.1, thcrnwKauplcs placed in orrt-half of the passible 64 canbiisiars (4 did 

pitianr. 4 axial pitiom, 2 circunfercntiol positias, ond 2 ON-OFF control d m  

pitianr). The p1oc-t 4 the m I t i n g  -lysis of vai<.lcc permits an evaluation of 

thew 'hkpendmt positicm variables and their interactions. This anolpis also minimizes 

the pashIbility of overlooking any indeperrdent vorioMes in the cnuitiple regeotion anolyis. 

Finally, a r a r f i e  level niakd to the s i g r i f i m c e  of the independent vmiobles ad 

heir intetactiurrs ws wigred. 

Table 5 1 presents the thermocouple pkeemmt plon for the NRX-AS. Mae 

t)m 36 thermocouples were instol!ed in the cre;  most of these were ;mtolled ot stut?m 26 

for control g~r+ses.  in the onofysis of vurionce these "extra" sensors were not imcided 

bscouse they urild a!ter the phnned bolonce bebear uwe klCQtiOnS. In tb multip:e 

regession <moly6s, 011 moi;riL!z 5 : ~  ~ 5 s  wt i :kd e~c-1 ~ k m o ~ d ~ p l e s  whizh wwe 

i.rfiuerrcei by pinhdiq md s ~ b e q u e n .  ipmtit ial  flow. 

5.4.9.1 

The analysis of variance for the NRX-AS core temprcatwcs wus pe+ n d  with 

M l y s i s  of variance of Core fcm~cro tura 

the 32 sewn listed in ToMe 5-1. D e b i l s  of this method m d  sample r.s:rulotiorrs ore 

contained in Section 5.5. Major conclusions ore: 

1) No statistically sign' . &  - t  temperature variation with respect to control 

drums (014 or OFF-dnms) existed. T h e  inkroctiow of the location neor drum with the 

other variables are also not significant. 

'SHARE hogurn ERMRi . "Stapise Multiple linear Regmtion"8 Esso Rcsaxch and 
Engineerhg Co., July 1358 
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2) Thc axial tcmperahrt rg j r i m  on statirtidly Signif iat at the 99 prcmt 

c a r f i i  level. 

3) Thc -ture vddions with v t  to full power v a t i o n  time  en 

statist'kolly s i g r i f i m t  br ing EP-Ill a d  EP-IV. Also, the chmga which o c d  in the 

diol ,  circumfcrentiol and oxiol teRpaahrrc dirtribtiom with apoting time ore 

statistically significant. 

4) All two-foctor ad hi- order mteroctionr between tht C- radi:s, 

azimuth, and 

of life. At c0rrh.d roan time 13812.5 seed in EP-lV, the oxhl ad radial ternQemtue 

vgrktiarr in-t at the 99 percent confidence level, i.e. the axial temQcmture pofile 

deQendF on the ccxe d i t s  md the dial terngem, ore pofile is a function of the axiai stotion. 

pirim are not significant duing €4-111 ard EP-IV -Copt at the end 

5) The tarpaatues at an azimurb ongle of 120 deyees me 51% lower on the 
avetoge thm the ttmpemtuns ot an otimuth angle of 300 degees. This chorocterbtic 

is statistically sigrifi-t at the 95 prcmt confidence level. 

6) Tempemhms in the I f inch  d i o l  -ion ovemgk OQpOximotely i 7 h  lower 

thcm the 
was clcse to ihe orifice angle. This effect is sto:istically s i g ' r i u m t  at tke 95 percent 

confidence level. 

temperature of all dii a* full powc: holds when the ~ontrcl dnm position 

7) The random vaiotim in the thirty-two tempemtwes at the eight holds 

analyze0 for EP-Ill and EP-IV mnged from + 51.4% to +68.3% ( I #  ), after accounting - - 
for the s i g d i e m t  temperorwe variations with pi t ion.  

5.4.9.2 

The compofison of multiple regressioc, resuits between NRX-AS m d  NRX/EST 

at SOL ~ n d  K)L is  shown in Table 5-8. This roble confirms that the NRX-AS operated 

hotter at the start of life -hen NRX/EST. Tlrc rrrdom errors o n  reasonably consistent 

except at the end of life where NRX/EST sh0v.s considerably gcater errors. The plotted 

results of the multiple regessicm analysis are sho-m in kct iom 5.4.2 and 5.4.5. It is 

inmesting to note that the total (before subtracting thermocouple r d i n g  erion) srandod 

Mu1 tiple Regress ion Anolysis 

0 



&vktim in the doto after carve fitting by multiple -ion is  in ogamcnt with tht 

s t a d a d  deviatim from the cmolysis of variance. This value wid holn 50 to 8PR 

-ing on c a t  station and operating time. Although the -0 t&chnigues at not 

strictly t wRQaroble they give aEIvmnCe t b t r  

1) The multiple regesricm w l y s i s  of all COR thermocoupla gives on 

akqmte representathn of the actual core temperature distribution. 

2) No intemctiars betmen irdependent vaiobles arc being owrlooked. 

3) Although the o n o l p i s  of vtniarce d-kclosed additiaral sigr i f icant dial 

ond cireunfaentigl effects which were wt baht out in the multiple -ion curve 

fits, the d k t s  are smolt enough so as not to invatidote conclusions t d  on the multiple 

regression pesuits. 

5.4.9.3 

CQl CUlated 

the effects which m y  

r d a n  element-to-element variations were oboir?ed by ccmbining 

occur in odpcent elements. The methid raeo is  described in 

WANL-TME202, "NRX43 Reoctor Final Test R e d  and the focton comidered ore listed 

in Table 5-9. This l i s t  excludes fact- which on: systematic in their effecis such as drum 

motion or average core inlet temperature. The 38 deviation in power foctor was calculated 

from thp: NRX-.45 gos ionization measurements in the J Row. It represents a r d o m  

element-%-element variation in the J R o w  cnd not o systematic or obsolute enor which 

OCCUIS in the core periphery. The post test gross icmizatio? data was used to estimate the 

rondom varic.ion in pwer foctcv for the NRX/EST test analysis; however in the NRX-A3 

and NRX-A2, a pre-test prediction of the power variation was used, which wm lower thon 

the p a t  test doto. Since the p s s  ionizatim data includes experimental errors in 

mecasurement a d  onalpis (correctiors for corraion weight loss etc.), It represents an over- 

estimate of the random variability in power factor. Since this effect is the largest single 

coriribtor to the calculated element-to-element temperature variations, the results ore 

higher for NRX/EbT ond NRX-A5 thon the calculated reults fot hiPX-A3 and NRX-A2. 

The calculated 3 0 elemnt-to-eltment random temperature variation was 320% f x  

NRX-A5. It v.*ouid hove been 20PR i f  the power factor variatim had been zero. 

-a- --- m-a A I 
-4- rrw uu- 
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The moximun nominal thermal cagsulc tcmpcrohres, fuel tcmpcrohm~, randm 

voriatiap, and moximrm statistical temper- at station 44 inches are listed in Table 

5-10 for the four reactors. The m a x i m  temperoturt o c c d  at thc core edge for all 

reactor0 txccpt for NRX-A3 which M QI EOL bun: mg!e less thm the orificed dnrn 

angle. 

mi- the rnuitiple m i o n  GI.: d e  fit c o m p d  to the hi-t 

calculated temperature for the thermal copwle l m t i m  from the TRACK resulk wos 474oaR. 
The 30 storrdard &viatian value for meomred thermal capsule data was 141% while the 
hot c h ~  oro~pis diets an elemesrt-to-elemmt rgld<nr vaiotim of + 32ooR.  he 

R*rximm statistical thermol capwle ternperotures were !and by d i n g  the 30 rgldom 

vaiatims to the nominal m0ximun-s. The bl tenperom wete computed by subtracting 

the sensor-to-fuel temperature difference from the thennoi capule tempmtwes. 

The maximum ncvninol therm01 c q d t  ttnperohrrre for NRX-AS U@R 

pint  of 1184ooR. Thc 

- 
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TABLE 5-8 

COMPARISON OF: RADIAL TLMERATURES IN NRX/ET A M )  NRX-A5 

. M E , %  

E?-IV 

Id 
ai-1 iw. s 

1 = 3118 
I 3 9  

3 1 = 3134 0.01r 
+ 13s - 

1 = *24.Wr 
+ 323 - 

a 
T = 4412 1.001 

271 

4701 

111p. 

71.7 

4061 

15.593 

2 

- 

€I-W 
ul-lal2.s 
1 4 9  

2 1 = 399 +o.* 
+ I 7 2  - 

J8 
T = 4613 4 0.03  3 

141 

4760 

1112 

71.2 

4069 
15.618 

- 

- .  ..‘ . 
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TAME 5-9 

FACTORS CONSIDERED IN ANAL';SIS OF ELEMENT-TO-ELEMENT 
TEMPBCATURE VARIATIONS 

Elern-nt E k t s  

1. Pauver Factor* (At Core Periphery) 

2. Upper PIerrun Flow Distribution 

3. UF Plenun Temperrrture Distribution 

C)*fnn&l Effi?Pts 

1. Channel Diameter Change 

2. FuelWuss 

3. Orifice Coefficient 

4. Qrifice Mismotch 

5. Orifice Leakage 

6. Air Impedance 

7. Friction Foctor 

Effect 

245 

155 

95 

62 

340 

50 

200 

100 

110 

26 

- 
*btcluding Drum Angle Effects, based on Test Doto, NRX/EST wgs + 5.2% - 

**From Test Dato 



8 P W  

w 
#- 



5.5 APPENDIX 

5.5. I Anolysis of Variance Method 

The onolysis of vorionce technique is o statistic01 Wthd whereby the total 

voriatim in a set of &to f,om o properly designed experiment con be partitimed iiito the 

vmiotiom assignoble to the controlled experimental focbrs, their joint effects, ond a 

residuol due to extraneous or inherent effects. The mtio of the vorionce due to controlled 

factors ond the vorionce due to extraneous effects provides a meowre of the confidence 

level to which the controlld variance represents o real difference. For exomple, for 40 

temperotue doto points with 20 of these ot eoch of two different ccre radii, the toto1 sum 

of quores is 

40 c 
i = l  

(Xi - j$, where - xis 

the grand meon of the 40 data points. This total sum of -res i s  mathematically eqwl to 

the Sum of -res between rodii plus the ~ r n  of squares mithin radii: 

40 2 2 20 
- = (j( - jQ2 + c c (x. - )? 

i =  1 p =  1 P p = l  i = l  I P 

where: 

2 

2 2 0  - 
(x- - X )2= sum of squares within radii 

I P p = l  i = l  
- 
X = the mean of the 20 data points at radius p 
P 

x. = the 20 data points at one radius 
I 
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T'he variance estimates for each of the sums of squares (called mean -res) i s  

the Sum of squares d iv idd  by the number of p i b l e  comporisons (de- of f r s ~  4. Slme 

there are 19 possible comporisons wiihin each rodius, a d  one comparison between mdii, the 

variances are respectively, 

2 2 

c (X - X) 
P 

P =  1 

1 

c 

If a true difference between rhe average ten.peratures at the two core radii exists, 

then the vorionce &tween radii would be notic, bly larger than the variance within radii. 

The ratio of the two variances: 

- 2  2 2 20 

e p = l  i = l  p =  1 
(Xi - xp) c (X - m2 

P - F =  
1 38 

is termed the "F" ratio. Probobiiities for such F-mtios hove been computed and tabulated 

to judge whether or not the ratio of variances is great enough to be significant. Referring 

to a standard table, for 1 and 38 degrees of freedan, F is 4.10 at the 0.05 significance 

level. This means that if the F ratio i s  greater than or equal to 4.10 then the probability i s  

95 percent that the difference in the mmn temperatures for the two radii i s  real (not 

random) ar,i the corresponding probability is 5 percent that i t  is due to random variability 

alone. This technique can be extended by comparing the effects of two or more independent 
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variables und their interacticns. The precishi of the analysis i s  determined by the degrees 

of freedom (comparisons) available for estimoiing the variance for each source 0: variation. 

5.5.2 Results of NRX-A5 Analysis of Varionce 

A preliminary onolysis of the NRX-AS temperwure data showed the effects of 

locatia-s with respect to control drums (on or off-drums). Intemctims with other independent 

variable were not significar t. This indicates no voriotioil due to scalloping in the tempera- 

ture data at the core edge and c m f i m  the conclusion of Secticns 5.4.5 and 5.4.4 tho* the 

drums did no? cause an azimuthal temperature varioiion. The next step was to combine the 

data at several steady state holds to determine i f  :he run Vmes interact 8. ith the other 

variables. A summary of this analysis for EP-Ill i s  presented in Tabie 5-1 1. This table is 

divided into two prts, the first uses the four selected hold times in EP-Ill without consider- 

ing run time effects to be a scurce of varia*.on. In other words, the run time effects, if onv, 

were averaged out by combining the data f a  the four selected holds in EP-Ill. The analysis 

of variance for EP-IV parallels the development presented for EP4II and therefore, the 

details for EP-IV w i l l  be omitted. Using the data for thirty-+wo thennocouples overogd 

over the four holds in EP-Ill, p r t  1 of the table shows the circumferential and radial 

positions to be significant at the 95 percent confidewe level ond the axial position to bz 

significant at the 99 percent confidence level. The significance i s  determined by the "F" 

level test as described in the example, but does not necessarily imply that a temperature 

effect ;- large relative to ?he absolute temperature. For exomple, an effect may have only 

a lOoR difference in temperature between two core positions with zero scatter in the data 

and be significant at the 99 percent level, while another effect has  a 100°R difference in 

temperature but a considerable amouqt of scatter which would make it less significant. 

bricfiy, the significance of an effect refers to the probability that i t  i s  a real (not random) 

effect. The significance does cot directly apply to the absolute magnitude of the effect. 

The intermedrate stzp showq in Table 5-11 r,opresen: the steps shown in the example problem. 

The mean squares : 3' . c m  4) are the quotients of the sums of squares (column 5) wer the 

respec,ti./e degrm of freedom (column 2). The "F" levels (which are not in the table) were 
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found by dividing each mpective mean square by the residuai mean square. The significance 

of each effect is fojnd by comparing the computed "F !' level with the tabulated valuer far the 

degrees of freedom indi-td. For example; for the d i a l  (3) effect in Port 1 of Tab!@ 5- 11, 

the sum of squares is 153989.02. Dividing this by the 3 degrees of freedom (since there are 

four aifferent core rodii represented), one obtc.--s 51333.01 for the m e ~ l  quore. Dividing 

this by the tlermocouple residual mean squore which i s  9990.01, one obtains the "6" level, 

w5ich i5 5.130. Referring to the tobles of "F" levels, for 3 and 9 degrees of freedom the "F" 

level at the 95 percent contidence level is 3.86 and at the 99 percent confidence lebel it is 

6.99. Since the computed TI' levsl i s  greoter than 3.86 but not greoter than 6.39, one tan 

say that the observcd differences in average ternpercture os Q function of radius for the 4 run 

times in EP-Ill ore real wi:h a 95 percent wokability of being -.orrect. The two factor inter- 

actions (C x A, C x R, ond A x P) ore not s;pificont, i.e. - the zircumferenticl effect, (C), 
appears independently of the core axial position, (A), and radius, (R). 

In part 2 of Table 5-1 1, the run time iT! effect$ are included and are significant 

at the 99 :=en) confidence level. The two foctor interactions (l x C, T x A, and T x R), 
ote also sisa;'cmt at !he 99 percent cmfidence level. Therefore, the analysis cf variance 

ought to be c o n i 4  out for each of the four run ti-es separately. However, the three 

factor interactions with the run titre are not significant. The thermocouple rzsidual within 

mr. time is computed in two ways. The 26 degrees of treedom applies when the noii-simifi- 

caitt three-%cto, interactions are included in the anulysis and resuit in a residual mean 

square of 173.60. i f  the three factor interactions are ignored (because they have been 

found non-significant) the additional degrees of freedor can be pooled to obtain a better 

estimate of ihe thermocouple residual within run time. This improved value of 275.24 was 

then used to re-calculate the "F" levels for the significant variables. The compsite random 

vorionce (computed from the residual within run time rrnd the thenlocoupit ariance) i s  

2703.93. lhe  squme r o d  -r 'k variance - -  the standard deviation and is equsl to 52.0 

degrees. This represent.. A: random voriation in the thermoccriple data after accountir,y 

for a l l  significant ?+?zition effects. Based on 'be results from part 3 of Table 5-11 which 



show that run time effects r : ~  easily distkguihb!* from the random variations, the analysis 

af v h m c e  was then ca.ried a p t  for each of the four run timer in EP-Ill. Because similar 

m~lf were abtoined for EP-IV, this was also done for four CUP times in at hold. The 

details of the calculation for the start-of-l':e in EP-Ill are s!rown in Table 5-12. The m l y  

;ignificant effect Ct this run time is the ax id  position and the non-significant two factor 

interactions ate agoin pooled to obtain a better estimate of the random variance. 

Similar calculations we-e carried out for each Df the seven other run times and 

the results ere summarized in Table 5-13. Note t k t  the circumferential effect is merely Q 

comparison bebeat sensors at 120" and 300" azimuthal position which are both @&de the 

hot buffer region. The circumfereitial effect increases in significarce durks EP-III and 

then becomes ins;gnificant during EP-!V. The overage difference &weer? the temperoturer 

at 120" and 300° azimuthcl position is 5loR in EP-III. It is also 51'2 in EP-IV, howeger, 

the random variability in the data in EP-iV i s  -reoter which causes the circurnferentia! affect 

to be non-significant. As expected, the radio! effect increases in significance with icrease 

in run time. The existence of this effect nea; t!:e start-of-l:fe is  duc : the lower tempera- 

tures near core radius 10 - 14 inches which are discussed in Section 5.4.4. $. The average 

difference in EP-III is  46. l0R cooler at the 10-inch iadius and 19.3 R cc=?lsr ot the 14-inch 

radius. In EP-IV the I.icrease of the peripheral temperature at the end-of-iifa i s  thz princi- 

pal cause of the rodial effect. Although the an<: ysis of variaqcr; indicates a radial effect ai . 

ali but - le oi  the run tiaes, the curve fit by multiple regressioi did not indicate this sis-iifi- 

cance. This i s  primarily due to the non-u-ibrm radial spacing Qf  therrnocc::,:les at 2, 10, 14, 

and Winch wdii. 

0 

5-87 



TABU 5-11 

!- 

&of 
S r ,  

NRX-AS TEMPERATURE - EPlll(4 HOLDS) 

3 lmSA90 

9 294.69 

9 I=. 76 

27 10752.65 

26 413.69 

19541.79 2%. 24 
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Etfect 

C CireumfcrorK;t 

A Axial 

R Rodid 

All 2 k t w  inkroctiom 

0 

C Circumference 

A Axid 

R Rodial 

A x R  

All o k  2 foctw 
inkmctions 

w 

TABLE 5-13 

SUMMARY OF REYJLTS OF ANALYSIS OF VARIANCE 
ON kW-AS TilERMOCOUPLES 

EP-Ill Run Time 
25400 25700 25930 
-- t t 

** tt e* 

-- * lt 

EP-:V Run 1 im 
13003 13243 13483 

* -- -- 
*t t* ** 
t* t 

52.5 51.4 51.6 

26248 
** 
** 
* 

-- 
63.0 

13813 
-- 
** 
** 
tlt 

-- 

68.3 

--Not significant 
*Significant at 95 percent confidence level 
**Significon? at 99 percent confidence level 

C Circunfmce = thermocouples at 120" versus 300' arimu;h. 

A Axial 

R Radial 

0 

= thermocouples at 8, 20, 26, and 32 inch station. 

= thermocouples at 2, 10, 14, and 16 inch radius. 

= m e  ttandord deviation vaiue of random thermocouple variation 

Average 

* 
** 
* 

-- 
52. @ 

Averoge 
* 

*t 

** 
-- 
-- 
59.7 

- --.-*a- 
%- m-- 
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6.1 SUMMARY 

This chapter presents a detoikd review of the eorrosim dato obtuintd fran the 

NRX-A5 test. These data include: fuel element, filler strip, and w p p t  block comrsiorr. 

The fuel elemmt was assessed with regard to overall weiaht I-, incremental weight losses, 

external surface weight losses, pin)M!es, channei exposure, and hot end conditim. Extemol 

surfoce regressim dot0 was obtained and evaluad for filler strips adjacent to both the normal 

and hot buffer mgions. A detailed amlpis was performed an both the mechanical and 

cmosion performance of the support blocks. In un attempt to isolote the significant envim- 

mental and property parameters which affect element weight, multiple regression onolyses 

were performed an the fuel element data. The analytical techniques used to predict bore 

cocTosion, wrfoce corrosion, and pinholing are presented. At the cmclusion of this c b t e r  

a tabulation i s  givw concerning the conclusions resulting from the evaluation of the NRX-AS 

corrosion data. 

* Mojor contributorr to this chapter were R.A. Agosti, L. Roman, K. Cooper, G.E. Cort 
S.L. Davidson, F. Ebert, S. Goldberg, C. Goodin, A.Y. Lee, A.F. Maguireiand 
J.C. Reese 



6.2 INTRODUCTION 

 tie NRX-AS reactor Oprotd for 30.1 minut# atme 3700~~ ctmmtm tmrpaam. 

&ncd cm the NRX/EST aputing a p e r i m e  and available arolytial informotion, the l imit- 

ing drun ongk WOS set at 14s". at which the it was expectai h t  the losr of carbQI would 

not affect h e  struchrml in-ity d the fuel elements. It wus ccncludcd thot a 6um angle 

of 145 WOUM be to &nmsWutt thot tht NRX-A5 b l  is bthaving sigrific.tmtly 

better thm the NRX/'EST. Ir. aki i t icm to fuel clement carositm, lowl comaion d<mogc 

wcs obpcnrrd in the f i i l ~ r  s t r i p  ond 

t~ ttr6 ability of tht c ~ n  to -ti- funetiaring. 

0 

blocks. Th;l did not m t  an i rnmimt h t  

?his chop- har btcn m m q d  to discuss both gualihtively d qmmtitotively 

tht c m i m  c h o p  arrociatd with the NU-* fuel elements md core support canponents. 

T h t  caeraoion choge hor been cattgaized ond ~ # # m  in tht folltming OFdCr in thr ckaQter: 

(1) fuel element weight lases, ovaoll, incrmmbl, and external h e ,  (2) pinholing, 

(3) chmnel otpowe, (4) hot end corra5ion cmd (5) Eupport Mock ~ormaicm. The s h k  of the 

art i s  not cangbtdv satisfoctxxy for pndicting in detail the bore or &e wight losps.  

T h f o r e ,  as in the use of the NRXBST, the analytical tools proved inodtguote md art 

presently being refined. In all ccses where applicable the corrosion damage har kar com- 

pae;f to the NRX-A3 and NRX/EST mcton. 

* "Developnent of Drum Limit for NRX-A5 EP-IV Presentation to SNQO-C, 20 h n e  lM", 
WANL-TME-1452. 



6.3 FUEL ELEMENT CORROSION 

4 3.1 Fuel Element Overall Wei+ Loss+ 

b e d  an tht 1551 fuel elements art of the 1584 fuel elements in ?he NRX-AS core 

which wae mi-, the toto1 cole weight lo62 was colcu!ated to be approximotely 43 

kil-. TcMe 6-1 i s  a ~ummcxy of the weigh? loss data in m~anrrcd which includes the 

unwi#d elements. It was oswmcd t b t  the unweightd t'ements were Men and egual 

in wight to tha overage of the weighed Men elements at the oomt d i a l  location. The 

implied a v m  overall weight lo62 per element wos thus estimated to be 27.0 pms/element 

of which the ovcrogc WAFF element weight los wgs 36.9 gam ad the ovetogc Y-12 

d-t wei&t I= 5 16.0 90"a. T k  d i a l  weight lo62 distrihutiar for a h  bdcm 

d unbdten element is shown in F i g u t  6-1. T h a c  are thee iqxxtant results shown in 

this f i v .  First, rhc gcrrtcrt losses o c c d  at the core center and ccre periphery with a 

region of relatively law weight loss From approxinrotcly core mdius 8.0 in. to 13.0 in.. 

Second, ther, is a sigrifiicont dif?erence in weigh loss suffered by thc Y-12 and WAFF 

elements in the rtgion fmm core d i m  10.4 in. to 14.4 in. w b  they ovtrlop. T k  WAFF 

clemcnts ct core d i m  14.4 in. show a#murimattly two ti- thc Y-12 weight lobsc~. Third, 

in gcncral, t h  is a wide scatter cmd vcrimce in element performance for both the WAFF 

and Y-12 fuel elements, 

A comporim of the overall avemge weight lorS for prwicus reactor tests indicated 

for the NRX-A3, 10.6 goms/zlennnt and for the NRXFST 32.4 grans/element. Figure 6-2 

presents a canpotison of the averwe weight loss distributions for all three react=. The 

trends of Figure 6-2 exhibit on all three plots o noticeabie region of low weight loss fram 

core d i m  8 in. to 12 in. . This is more evident on the NRXFS'T and NRX-AS where the 

patcot  weight losscr o c c m d  at the core center and core periphery. It should be noted 

that in the periphery (14 in. to 17 in.), the NRXFST contained no Y-12 elements and in the 

NRX-M, $8 Y-'12 elements. In both the NRX/EST and NRX-A5 there is a significant 

difference in weight loss suffered by the Y-12 and WAFF fuel elements in the region where 

t h v  overlap. 
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TABLE 6-1 

NRX-A5 TOTAL FUEL ELEMENT WEIGHT LOSS 

WAFF Y-12 

Total No. of Fuel Elements 839 

Total No. Intact (Weighed) 252 

Total No. Broken (Weighed) 562 

Fractim Broken Q 700 

No. of Unweighed Elements 25 

Average Weight Loss - Intact Elements (gns) 20.8 

Average Weight Loss - Broken Elements (gms) 43.8 

*Implied Average Weight LOSS - All Elements (gms) 36.9 

745 

673 

64 

0.097 

8 

14.4 

30.5 

16.0 

* Assuming that unweighed elements are broken and eqcal 
in weight to the average for weighed broken elr . its. 

ALL 

1584 

925 

626 

0.416 

33 

16.2 

42.4 

27.0 



The NRX-A5 average fuel element weight losses were reduced into the six core 

sectors to iwestigote the azimuthal variation of weight !os which m y  bt? attrihted to 

operational characteristics or fuel element quality. Figures 6-3 and 6-4 provide the sector 

radial weight lorn distributions for both the Y-12 and WAFF fuel elements in the NRX-A5 

core. When the core average weight loss is compared to the sector average weight losses, 

a merit factor of the individual sector performance can be obtained. Similar doto was 

extrocted frcwn the NRX-EST overall weight loses. The results from this analysis showed that 

the average element weight loss os a function of core radius was approximately equivalent 

in all sectors of the NRX/EST and NRX-A5 reactor cores. 

The broken elements found in the NRX-A5 may be attributed to regions of high 

localized weight loss and the handling of elements during post test disassembly. The elements 

which experienced high weight loses were characteristic of the elements which were broken. 

The total number of broken elements in the NRX-A5 was 626. This compares to 189 observed 

in the NRX/EST. The fraction of broken elements in the NRX-A5 was 0.42 and the fraction 

of broken elements in the NRX/EST was 0.37. These fractions include the unweighed elements 

which were assumed to be broken. An examination of the break patterns indicated that ir 

general the breaks occurred at the position of the peak incremental weight lobs. The NRX/EST 

showed more multiple breaks than the NRX-A5. This i s  obvious, if one examines the peak 

incremental weight losses for the NRXFST which indicate both a mid band peak a,.d hot end 

peak. The difference in axial weight lo55 distribution between the NRX/EST and NRX-AS is 

due to the difference in operating profiles. The distribution of the fraction of broken elements 

for NRX-AS i s  given on Figure 6-5. The comparison of break patterns for both reactors i s  

given on Figure 6-6. The greater number of broken elements in the NRX-A5 i s  evident 

on this figure and is  attributed to the high local mid-band weight loss. 

In order to summarize the overall weight loss performance of both the NRX-A5 and 

NRX/ESi which experienced approximately the same time at full power, Table 0-2 wos devised. 

Table 6-2 groups the average overall weight loss data in pertinent core radial regions i. e., 
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the core central region 0 in. to 9.0 in., the core mid-rodial region 9 in. to 14 in. ond the 

core peripheral region 14 in. to 17 ir-. These radial core regions will be used consistently 

throughout the text to exhibit area of corrosion domoge. 
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The i m m i t a l  nt iight lo s data prcrvided for 66 NRX-A5 fuel elements" were 

studied in qn attempt to d t f i r x  tk : mion influencing paamttm. The incremento\ axbl 

weight lasr distrihrtiar, d i v i h l  into tht thee goups idged to br apQropiate for the 

NRX-AS, ctxe cen:rol region tb in. to  9 in,, cae mid-radial region 9.0 in. to 14.0 in, d 
core priphcrol region 14.@ in. ta 17.0 in. Thc overage incremental weight iarr~r for 

t h c ~  d i a l  rtgiorr. arc givm in F i w  6-7. This Fig,* indi-ts thot the integotd weight 

l a  is h i w  in tht c-hal regi:m a d  lowcrt in tht mid lod ia l  ttgitm. In addition, Q well 

&fined park mid-bod weight IUS is  exhibited at o v i m o t e l y  cocc statim 20.0 in, f a  all 

regions. A low bt cnd bright ILSS from core stations 30 in. to 52 in, wm noted in the NRX-AS 

in con-t to the NRX/€ST illush 3 t d  in Figun 6-8, A cmycricar of the peok midband 

lor re^ yielded 4.25 -/in. in the NkX--5 OlKI :,6 gams/in. in the NRX/'EST, An 

odditi-l ccme1Gt ia - i  of inteftst wos performed with thc incremental weight larre~, The 

combined doto an all tht Y-12 and WAFF e \ m h  were av@rog@d a d  then canpar&d to the 

ovemge of al l  the Y-12 elements, FT- 6-9 shows the result of this correlation. The sbpe  

of the two distr ibt im QC similar, tutwwer, t k  hi+ level of fuel- material weight l a  
suffered ky the WAFF elements is elearl, demonsi.otd. 

The maximun incremental weight I--=* occurring in the midbond region khveen 

s ta t i a  20 in, to 30 in. wm plotted; for t k  a.IRX/EST and NRX-A5 increment&. Figrrre 

6-10 pevmts the rd ia l  distribution e this peak weight IOSS and cleotly illustmter, in 

general, for all core regions tho, +he NRX-AS peak incremento1 weight losses ore higher 

tlwn the NRX/EST. The pec': weight It.sses, m expxred, follow the overall weight loss 

distributions, 

"Post 0perat'Jr.al Examination Results F w  The NRX-A5 Fuel Elements" (To be Issued). 
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6.3.3 Fuel Element External Surface Weiaht Losses 
~~ 

Post test external trace data were taken on selected NRX-A5 fuel elements. 

Similar data were obtained on selected NRX-A3 and NRX/EST fuel elements and are 

included in this section for comparkn. Figure 6-1 1 shows a sketch of the trace apporatus. 

The purpose of these surface regression measurements was toprovide data which would allow 

an estimate to be made of the extent of the external fuel element corrosion. An extensive 

effort was required both to obtain these traces and to reduce the data into a usable form. 

The following tabulation gives the number of axial traces, the number of element faces 

examined, and the total number of fuel elements examined for the NRX/EST and NRX-AS. 

No. of Elerrtents 

No. of Faces 

No. of Traces 

NRX/EST 
122 

343 

1334 

NRX-AS 
127 

3 17 

1381 

In this section the measurement of surface regressbn and the conversion of this 

data into a usable form are described. The results of the NRX-A3, NRX/EST, and FJRX-A5 

surface measurements are also given. 

6.3.3. 1 Data Acquisition 

The method of acquiring element surface corrosion data has progressed 

a long way since the use of a dial Indicator on the Nf?X-A2 fuel elements. In the acquisition 

of the surface corrosion data for the :.IRX-A3, NRX/EST, and the NRX-A5 the differences 

appeared in the recording of the raw data. Strip charts were used to record the data for the 

NRX-AS, and the NRX/EST. For the NRX-AS a digitized corrosion measuring sysfem was 

used employing a paper tape to record the surface regression. The block diagram for this 

system i s  illustrated in Figure 6-12. 
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The corrosion depth measuring instrument consisted of a LVDT connected 

to #J stylus which is  mecbanically driven along the elemeqt. Measuremer,.- I r e  obtained of the 

changes in the distance between the stylus and a reference roller on whic5 the element rests. 

The stylus makes a complete 52 in. axial trace at a given location on the element periphery. 

Instrument accuracy is  plus or minus one mi! wi th  a measurement range of 60 mils. The axial 

trace could be mode at seven locations on an; face. The seven locations ars shown in Figure 

6- 13. 

6.3.3.2 Data Reduction 

The data for the NRX-A5 was reduced into a usable form by converting 

the paper tape into a deck of coded IBM cards which were read on magnetic tcpe in p:epara- 

tion for use as corputer input. A series of computer programs were rzquired (1) io convert 

the coded data to uncoded data, (2) to realign the dara by averaging the data from 1 to 10 

inches and using this average as a zero Sase, (3) to separate the broken elements from the 

whole elemepts, (4) to add core locations and sort the data i r to element serial number 

=eaet ce and (5) to prepare the data format for insertion into the data compilation and 

plotting program. Item (5) compiles the data by face and trace, summarizes the data for 

each element and theq summarizes the elements i,-to 10 regions. These 10 regions are 

identified by row and provide the input for plotting the averages for- these 10 regions. The 

program is capable of giving plots of individual elements or faces of e!ements. 

6.3.3.3 Results of Surface Regression Measurements 

Surface regression measurements and the assrzciated weight 10.5 calcula- 

tion ,integration of the surface corrosion depth measurements) as performed in the dota 

reduction code were expected to give high rewlts. A "double amp!itude" 2roblem existed 

because the trace measurements reflected I'acioss flat measurements" due to :he rlature of the 

measuring fixture. Consequently, what i s  reported for one face may include the corrosion 

which has occurred on the reported face plus what has occurred on the opposite fice. 



For this ream, tb- weight I- 

cautiously. T k  "doJble amplitude" effect connot be eosil j corrected, ?herefon, the doto 

i s  pu5lisiwd &wing a PIUS 2-0, mints 50 percent bond of uncertainty. 

rlcuIated h the depth ~leasumb must be interpeted 

The axial variation of . e average surface W F i o n  in each core 

radial region has been determind for thc NRX-AS. Figures 6-14, 6-15, ond 6-16 show this 

distribution for the central, mid-iadiol, and peripkml regions, mpcztively. In oddition, 

the EJU-A3 and NRX,'EST are included for comparison. 

T h e  iicpes also contain t'he calculated NR'i-AS .dace regression 

far the cmtro! and tht mid-rodial regions. N o  calculation is s b m  for the peripheml 

region beawe of ib h a  rows of externally coated elements. In the corrosion predictions 

cock it i s  assumed tb t  there i s  no Zurface corrosion on externolly coated elements. 

The calculated conmior! that is wezented wcs obtained by ising on 

o v e r a s  between t)re ccrrosion :at - a+ the s b r t  ef l i fe c d  the corrosion rate at the end of 

life f s  the core. The end af life colculatims were made using the os meomred surfme 

regession f a  t;e interelement gap. This was done because the TDC-2 calculotimz of 

surfuce corrafion do not change the intedement gap OS the cona im progreaes. 

When the calculations are cornpored to the meowred NRX-AS surface 

corrsio.. it is seen that the peak corr~s:on of both CXCUIS near the came axial station. 

However, *here i s  quite a difference in the amplitude. The calcuiotions are too high for 

t k  midband 

results to the NRX/EST results, Figures 6-17 and 6-la, shows that the NW-A5 calculation 

is much closer to irs measurements than the resuits for NRX/'EST. This reflects the impme- 

ment to the m e l ,  as discased Insection 6.8, a d  the use 03 the end of l i fe conditions in 

the NRX-A5 calculations. 

run profiles between the NRX/EST and NRX-AS tests. 

corrosim and too low fur the hot end corraicm. P. comparison of the NRX-AS 

In addition, the calculotior! resolves the rnclior differences of 
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Figwe 6-16. Rriphcml Reg'- Surfom Corrosion in ihe NRX-A3, WX/ESl, and NRX-AS 
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6.3.3- 4 Fuel Eltmcrrt Bore Weight Loss ocdvcd From Incremental 
and Surface Corrcsion Mcasur~lcntr 

&tailed correlotims of incrementcl weight loas doto Qd &e 

corrosion dab hove been made for selected NRX-AS elements, The NRX-A5 fuel element 

bore might loses wece obtained subtracting the surfxa weight lasses frrom the element 

O V m i l  weignt IOU. 

Flgwe 6-19 shows the est~rnatcd extemol w r k e  weight loss axial 

dish:'mtion for centtal -ion fuel element 3A1D ~0"pared with the meoswd incremental 

weight loss. The a f e ~  ktw- the soli0 cuwcs d e f i m  the plrrs 2-3, minus 50 percent 

b o d  of uncertoicty due to t k  "double anplihde" memuemmt problem. The canpar'&ar 

for this element shows the weight loss due to extemol nrrfoce corrosion i s  19 to 37 percent 

of the toel measured IOU, F i v  6-20 shtms the axial distributim of bore weighr bs for 
3AlD. These losses are based on the difference between the low l imit of the a t i d  

weight lads due to surface corrosion and the i-tal weight losr values, A 00lipcriDm with 

the LOWERE code * bore lodf Jlculatiars based M the "or tun" profile also 

F i p r e  6-20. Within the l imitot iars of the dot0 correlation, t)r cc d o t e d  ond Rlsaamd 

resuln ore quite different. 

cm 

Figure 6-20 ond 6-21 pesent for mid-rodial fuel elecent 2H6G thc 

some informotim as was presented for 3AlD. Figure 6-21 indicotes an estimared 6.8 to 

13.7 percent of the toml weight lost i s  b e  to external surfoce carosion. 

Figure 6-22 shows for p e r i p h l  fuel elemmt 2J7F tk axial 

dishibt im of meowred total and extm#l surface com#ion. Both the bm COWUIS~UI as 

deduced from the totc! and also the d a c e  conorion with its appopiate mnge of 

uncertointy ore shown. The fraction of total weight loss attributable to s h c e  comsiar 

was estimated to be 7.9 to 16.8 percent of the total weight lost of element 2m. 

* "fuel Element Bore Weight Lcrz Code ond its Application to the NERVA Core 
Design", WANL-TME-1344, January 1966. 
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Figure 6-20. Axial Distribution of NRX-AS Incremento1 Weight Loss 
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In all three cases, the calculated bore losses are not entirely consis- 

tent with the measured data. These elements ate not necessarily representative of the three 

regions of the core. In fact# the large differences between individual element performonce 

make i t  difficult to choose typical elements. 

The axial distribution of bore weight I- for three elemenh in both 

the NRX-A3 and NRX/EST, are shown in Figures 6-23 and 6-24. These bore weight loss 

distributions may be compared to those presented for the NRX-A5. 

Using similar data for a l l  reactors, the surface and bore weight loss= 

are given as a function of radius for the NRX-A3, NRX/EST and NRX-A5 in Fzgcres 6-25, 
6-25 omd 6-27, respectively. From these figures, it m y  be concluded that: 

1) The material loss from the surface of the eiements was 

considerably higher in the center of the core than in the other regions. 

2) The high WAFF element weight loss in the core edge region 

(rdim greater thon 11 inches) is principally due to bore corrosion. 

3) 15 to 30 pcramt of the total NRXmT and NRX-AS core weight 

loss i s  due to surface corrosion. 

T k  surface regression traces show that the axial distribution of surface 

weight loss is considerably different than bore weight loss; much of the surface loss is  down- 

stream of core station 27 inches. 

6.3.3.5 Surface Regression Maximum Point Frequenc: 

An analysis was performed to establish the relotionship between the 

average surface regression in a region and the maximum regression to verify the frequency 

with which the points on the maximum curve appear in the data. 

To determine the maximum curves, the overoges for the faces of the 

elements in each of the 9 radial regions were exomined. The maximum readings for the 

stations occurring at the first peak of the averoge curve were selected. In most mses ihe 

peak were between core stations 16 and 35. The maximum and average readings were then 

plotted as a function of core station. 

ee 
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Figure 6-28 i s  an example of the average and maximum curves for 

region 4 *hich corresponds to the "D" cluster row in the core. 

To obtain the frequency at which the points on the maximum curve 

appear in the data, the maximum regression for o region was divided into 10 bands. T h e  

individual traces for elements in o particular region were reviewed and ciivided into these 

bonds. The number of p ink in each band was then plotted against the axial station. This 

resulted in 10 plots for each region. Figure 6-29 shows for region 4 the 10 bands into which 

the maximum regression was divided and the frequency for each station that a reading within 

that bond appeared in the data. The following data shows the percent of the total for each 

reg;on that appeared in the tenth band (36 mils and up): 

Percent -- Region 

1 1.5 

2 9.8 

3 0.4 

4 G. 4 

5 0.9 

6 0.1 

7 0.4 

8 0.4 

9 1.6 

A review of the frequency data indicated that there were few points 

in the tenth bond demonstrating that there were relatively few occurrences of maximum 

regression in this band for the regional arem examined. Therefore, the average curves used 

in the evaluations would tend to give high regressions. 
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6.3.4 Paiphcro I Fuel Element Evaluations 

An irnatigation was modt of the NRX-A5 priphctv using the ovtmll element 

weight lodf values d the overull appeaaKe of the elanent in gn attempt to evaluate the 

effects of the hot buffer, fuel element looding, and fuel element locotion. F i g u e  6-30 i s  

a sketch of the NRX-AS hot buff&rata. It appersd ttot the hot buffer wasbmeficiol for 

the first raw of peripheral coated elements, but thot its cffact hod nrbskontially diminished 

in thc Second Coatad TOW. The e k k  of looding and tlemmt location were less c~early 

defined, hut it aQpeaed thot high loading, lamation behid either partial elements ot thin 

filler strips, and high pcrwer factor were al l  detrimental conditiaa. 

6.3.4.1 Hot b i b  Reaim 

The valves of the ovemll weight lass and clement c d i t i o m  for h e  

first a d  s e c d  rows in the hot buffer region were correlated, A tabulation of these 

results oppeas in Tables 6-3 and 6-4. A jd-t wos mcdc for (+) or agoinst (-) the hot 

buffer, bored on the avenge weight loss and e1-t condition of eoch element lourtion 

(uswlly two elements in the hot huffend region and four in the nonnal periphery). The first 

row of elements shawed 12+, 6- and 1 even in fuvor of the hot huffer, and the second row 

s h e d  6+, 3- d 7 even. Thus in the seed raw, there VIS little or no difference 

between the nominal ond hot buffer peripheral regions. In oddition, a comporism WOS mode 

of the percent of elements broken, which were believed to he broken os a result of disassembly, 

ond the percent of elements with less thon 10 sans toto1 weight labs. Table 6-5 wmmaizes 

these results. 

The avemge weight lows for the first row of elements behind the hot 

huffer and behind the normol periphery were 18.7 p m s  and 24.9 gmms, respectively, and 

for the second mw elements were 22.6 gram, and 22.1 grams, respectively. It was concluded 

therefore, thot the h& buffer wos btneficial for the first row of elements but that no signifi- 

cant advantage for the second row was knonstrated. 

6-44 



w 
3 

H 4  

d N  -V 

H-V 

r r  

s 

6-45 



9 

v) 

cy 

c 

6-46 



TABLE 6-5 

COMPARISON OF PERCENT ELEMENTS BROKEN IN 

NORMAL AND HOT BUFFEA FfQlPHERY 

Less Than 10 grams 
Total Weight Loss Broken 

Hot Buffer, First Cow 

Normal Perip!-tery, First Row 

Hot Buffer, Second Row 

Normal Periphery, Second Row 

11/34 = 0.324 2 1/38 = 0.553 

11/70 = G. 157 46/76 = 0.605 

1/32 = 0.0312 

2/62 = 0.3323 

18/33 = 0.546 

25/63 = 0.402 
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Evaluotion of the filler str ips showed that 72 percent were b o k  in 

:he hot buffer region as compared to no beaks in the normal periphery. A detailed analysis 

of a possible cause for these broken filler str ips i s  given in Secti,v, 4.5. 

The surface corrosion analyses in the NRX-A5 hot buffer reg' ton were 

limited to the first row of uncoated elements in from the periphery. It was necessary to 

combine the surface regressicn traces in the same location on the faces wi th  respect to the 

comer being analyzed. Figure 6-31 shows the locotion on the face of an element where the 

traces were taken. Due to the limited omovnt of datu available seven traces were avemged 

together to make a trace of one element face. Figure 6-32 shows the plot of these ovemget. 

Trace B closest to the comer, shows a maximum regression of opproximotely 17.2 mi!s at 

station 23. Troces C and D show a maximum regression of approximately 7.4 to 7.7 mils at 

station 22. Traces C and 0 are 10 mils less than trace B. In dividing the available data 

into the hot buffer region, Figure 6-33 and normol rcgions, Figures 6-34, 6-35, and 6-36, 
i t  was found that in the normal regions al l  three traces, B, C, and 0 approach the average 

maximum of 17.2 miis regession in the orea of station 20 to 25. 

In the hot buffer regions there were 14 corner surface traces available 

and in the normal region there were 9 corner surface traces available. The maximum eomer 

surfwe regression observed in the hot buffer and normal regions were 4.5 mils and 50 mils, 

respective!y. It appeon from the limited sample of corner surfoce regression mearurements 

that the hot buffer region tends to reduce the amount of corner corrosion in t k  fiat row of 

uncoated fuel elements. 

On the figure of the normal buffer region, colcuiated =om-(rion is  

also presented. The peak of the calculoted midbond corrosion is  quite close relatiwe to 

axial location but unlike the measurements, the calculated corrosion becomts great@ towards 

the periphery. The calculated corrosion i s  4 mils high at location 0 (as shown on F $ p e  6-31) 

and 16 mils high at location 8. The calculation does not, however, show the high meuswed 

hot end corrosici. 

-- --.- a'- - - - - -  
h- . 4 u  uwmii- 
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COATED FUEL ELEMENTS 

COATED F M L  ELEMENTS 

OATED FUEL EUMeNTS 

NOTE: HOT BUFFER REGION LOCATED IN CORE SKfOR 4, 
AND PAJtT OF SECTORS 3 AND 5 

Figure 4-30. Sketch of NRX-45 Hot Buffer Region 

61 1615-1 176 
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Figure 6-32. NRX-AS Average Corner Surface Corrosion 
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Figure 6-37 presents the overage weight ,319 for each looding for both 

the NRXfiST and NRX-AS. The NRX-AS general trend is on increase in weight loa with 

increased looding. It is possible that :he peripheral effects ore production process effects 

and cause the code 39 to 49 overagr \-.eight losses to be highcr.ond tire code 59 e1-t 

mi&t iomes to k b. This btte; possibility o m  to be awlfirmed by the percent of 

Men elements shown in Figwe 6-36. Despite the rebtively hi& preen- of broken 

elernents a d  relatively hi* averoge power factor of the codc 59 elements, the wemll 

might lorn is rebively low. lh 
lower permeability which the lower loaded elements tend to exhibit. 

for thb cppaent diftwence m ~ ) r  be attr;buted to 

6.3.4.3 E l m t  Locatim E f k t  

The ovemll element weight lases were avemged by location (sum ot 

elcment weight loss in the Mme location of each sector divided by 6). A mting factor for 

each iocotion was then determined hased on the locotion avemge weight loss dat ive to 

the overall ovemge for the row. The gouping of mting factors is given in Table 6-6 

TABLE 6-6 

LOCATION RATING FACTORS 

Locotion 
Rating 
FOCtot 

+t 

+ 

0 

-- 

Description Amount of Weight 
of Weight Loss Relative to 

LOSS Raw Averoging 

Much less than average 5-1Sgn l a  

Less than average 3-sgm less 

Average Averas 

More than average 0-5gm more 

Much more than averay~ S-1Sgm more 

The results of this location rating are shown in Figure 6-39. 
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The peripheral elements with the minimum average weight loss are as 

follows: Jt?D - lO.Ogns, J9W12.-, J9R-13.4gw and J3S-14.l)gm. Except for location 

m, t)re minimum weight loss locations are fiat row elements behid relatively thick fill- 

s t r i p  ond adjacent to unfueled central elements ond portio1 elements. The other element 

l-tions with much-less-than-. c-i~ge weight loss oie behind relatively thin filler strips 

and directly behind portio1 elements. The only apparent deviation from this pattern is  found 

in locotiom JSH and JSJ; however, the range of weight loss values at each of these locations 

is lage and the location averoges are only 2 gams from the overall row average. 

Figure 6-40 shows the number of boken elements at eoch loca+icm. 

The element location with zero beoks were the following: JSD. J%, and J4D. Location 

B O  also hod minimum average weight lass and, in general, the number of breaks at eoch 

loeation is consistent with the average weight IOSS. 
An attempt was made to correlate eiement locotiocr rating with overage 

power foctor for the six elements at thot location and the results are presented in Figure 6-41. 

Although the spead i s  considerable, there is o slight trend toword less weight loss at lower 

power factors. 

6- 3.4.4 comparison of NRX-A3, NRX/EST, ond NRX-A5 Peripheral 
Fuel Elermlent Perfornvrnce 

A comparative study was d e  of the surface regression on peripheral 

elements (1st row of uncoated elements) on NRX-A3and NRX/EST,tc determine possible 

effects of radial inflow. Figure 6-31 shows the location of the surface regression measure- 

ments on the elements which were averaged according to letter group as shown in Figure 

6-42 fot the NRX-A3 and Figute 6-43 for the NRX/€ST. The NRX-A3 e l m ~ t s  showed 

high mtmia l  loss b e t w m  flow chonnels (Trace C) Figure 6-31, over the forword port of 

the elements, and high loss c l s e  to the periphery over the aft portion. NRX,'EST elements 

showed decreased surface regression farther away from the periphery. 

In comparing the surface comosim on the outermost row af fuel elements 

in the NRX-A3, NRX/EST, and NRX-A5, i t  appears from the trace overcge data that the hot 

buffer region in the NRX-AS, Figure 6-33, shows c definite reduction in the amount of 

surface conoaion foi rhe l imi  
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6.3.5 Pinholes and Channel bposure 

6.3.5.1 Rackground 

Exom'nation cf the NRX-A5 fuel elemerits for pinholirg and channel 

c x p : s  wa: c.:complished by converting each element face dc'x to apprcpriate IbM data 

cards. The eiement data was originally compiled from photographic e--mination of all six 

faces of each element. A computer progam designated HEC 1 (holes or expo.& channels) 

WQS used as a sorting program tn r&i;te the data. Axial data started from the 10-inch ax:: ' 

station and consisted of three-inch increments, thereby making 14 axial stations for each 

face of rmCl element. In addition to the results presented herein, the code output also 

psents tE data on or. e!ement basis. The main output summarizes the dctc by sector. In 

each sector the data i s  broken down by row (a radial band option also exists) and Lxiol 

incremen?. Each row i s  summ&zt?d with a radial calculation. The sector i s  thel> summed 

by axial increments. The code distinguish% between pinholes ( >1/16 in. diameter) and 

holes (c 1/16 in. diameter); however, t'-e results presented herein are based an ?F,e total 

count within each increment. 

Table 6-7presents a summary of the pinhole and channel exposure data 

for NRX-AS, and comporotive NRX-.43 ond NRX/EST data. For comparable reactor operating 

times the data indicate that the total number of pinholes for NRX-A5 i s  about half that for 

NRX/EST, even though the "A" row channel exposure fm NRX-A5 i s  twice that of NRX/EST. 

For a single fuel e!ement the maximum norr!!sr of channels that could be exposed i s  18 and 

therefore, the maximum value cf chcnnel exposure i s  936 inches of chcinel exposure per 

e lernent . 
The fallowing three sub-sections contaiq data on (a) NRX-A5 pinholes 

and channel nxposure, (b) compaiison of NRX-A3, NRX/EST and NRX-A5 pinholes m d  

channel exposure and (c) "zero defect" pinhole and channel exposure ele:;rents. This datc 

was reduced primarily for correlating pinholing and channel exposure with weight loss 

and fuel element performance. 
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Table 6-0 is a %anmory of NUX-AS pinbola a d  chmntl qxsut 

calculotiarr on a stctjr h i s .  T ) r  nr;r;rba of pinholes p' element fa thr Y-12 elararts 

~t nbtiveiy c-nt for all s t a h  with the of ~ t a  5. Since d l  d rht 

Y-12 tlcmcntr were of Code 99 it tppar t)ot the numb of pidmla pa clslnarr m y  b 

a fur=:ion of tanpaam and I d i a g .  The UrrCprim in KC- 5 

quarce of tht biockrgc of same coolant fiow charnls in elcmcnt 5F5C m i  SF4F, Tht Y-12 

chmncl expasurc charrc:eristic given by inches of c h n t l -  pl element i- 

otimutholly fnwr! %tor 1 though 5, d thm dccrca~s abnrptly for ltcrOr 6. lk Y-?Z 

0-w rrunrber of pinhoia pcr clement is a& c q u ~ l  to tht i n c k  of c-1 e~tponrn 

to b Q c~lf+' 

per element. 

T k  WAFF sector tablation exhibits no ditingJishing choateristic 

% pinholing or channel at~osure other thcn thot h e  ovaoge chamcl expowre is abut 

t h  ti- tht ovwgc pinholing. This '-&cotes a faster rote of c b l -  fmnr 

pinhole tor thc WAFF elements :tan for the Y-12 elements. The c m  ovaaga of both 

WAFF ond Y-12 tltmenrs indicate o chmntl -re chaaeteristic twice h t  of the pin- 

holing cbacteistic. 

The axial a d  rodial distrikrtians of tht ovcn~gc number of pinhole 

per element a n  giver! in F;gun 6-44 for both the WAFF and the Y-12 elements, The d i a l  

d is+ ih t ia r  indicates that the Y-12 elements exhibit a smoaler number of pinbla pa 

element from about cote d i m  6 in. to 10 in.. 80th element types indicate trends with 

peaks neq the core centerline and the core periphery. Them appears to bt a larrcr s l q e  

for the WAFF thon the Y-12 element data. The Y-12 elements also exhibit lower 

values for the overage number of pinholes per element for a greater d i a l  increment thon 

do the WAFF elements. The axial disttibution indicates that the Y-12 elements hove a lower 

~vc#age number of pinholes per element exomined for all core statim except between 31 

ond 34 inches w k r e  the WAFF elements are lower valued. T k  principal peak i s  at abaut 
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r;pracrrt tha actual f low pottern in tho reactor. A t)rect dirnam'laral flow netWac moy be 

mired.  With these difficulties in m i d ,  further dcvelopnent of thl awrlyticol t+ctmiquc 

to anolyae bore induced comrsion is cartiming. 
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Figure 6-44. NRX-AS Ax:31 and Rodial Distribution of Number of Pi.ihales per Element 
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Figure 6-45. NRX-A5 Axial ond Radio1 Distribution of Inches of Channel Expoad Per Element 
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6.3.5.3 :;Fmiwi;eof NRX-A3, NRX/EST, and NRX-A5 Pinholes 
Exposure 

The radial distribution tf the number of pinhcles per element for the 

three reoctor cores ore compared on Figure 6-50. T h e  Wough region appears to be located 

at about core r d i w  9 in. for al l  three feOCtON. The maximun; average for the NRXFST 

i s  greater than at thc center, however, the center of the core had \c.uer elements examined. 

The improvement in FipheroI  performonce of the NRX-S may be due to ik external sur- 

face cooting of NbC on these elements and the two hot buffer sections. The lower vclues 

of the NWfiST up to the trough may reflect the fact that the NRX/EST hod oil  Y-?2 elements 

in this region. The NkX-2.3 characteristic s h o p  i s  remarkably similar to the radial weight 

loss s h o p .  ..’. -vn in Figure 6-25, wi th  the piqholes following the bore weight loss to about 

?he 6 ,*. z ,4  ‘.g: For greater core radii the pinholes appear to follcw the surface weight 

la. 

The radial distribution of the average chonnel exposure per element 

is compared on Figure 6-S! for the NRX/EST anti NXX-PcS. 

The oxiol distributim of *he overage number of pinholes per elemelt 

is compared on Figure 6-52 for the thrw reactors. These indicate an axial shiftins to o 

lower stotion of the peak values with subsequent reactor designs. The NRX/EST and 

NRX-A3 did not exhibit the alternating peak and valley characteristic os did the NRX-A5 

data. 
The axial distribution of the average inches of channel expasure per 

element are compared on Figure 6-52 fur the NRXfiZT m e ’  NRX-AS. The  axial peak 

characteristic value is also shifte4 to a lower station fcr the NRX-A5 than for the NRX/EST. 

This indicates that the inches of channel exposure per element for the NRX/EST was greater 

than the NRX-A5 after core station 25, while the reverse was true from station 15 to 2.5 

inches. 
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- 6.3.5.4 - Z w  Defect^ Pinhole and - h a n d  ,Itmarts 

All of tht NRX-AS fuel c~ccnnu which utomind far pinbiirrg 

d c h n c !  expawe wert m i m e d  in Jrda to &-'be which of the elements hat wi th  

pinholes nor chancls exposed. Table 6-9 umtoim o tohrbtion of all such %em ddcct" 
elm.ents found. If the single bnak '  elements, ore e l i m i d  fmm this list then qproximotdy 

1.8 pacent of tht con fuel elancnts m i n e d  w c r ~  "rero def+ct' tl-b ond 
of t h  "zero defect' elements were in the hot Mer region and 77 pucmt wem in thc J 

tow. Of these J row "zero defect" elements, 60 percent were externally cootad with NK, 

plcmt  

binotim of tk regiw thot contaid both Y-12 d WAFF elements 

indicotd that thc rhrec WAFF elements l F X ,  W3E, and 6H5G sSowd no pinholes or 

c b n e l  expasure. Of the total number of elements acanincd in the F d N e~ws, the 
percentav ot WAFF elanents for each rcw wos 1.9 percent ad 33 penent m t i v e ! y ,  
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6.4 FILLBR STRIP CORROSON 

Exkmol &e m i o n  doto was ornilable fa 14 filler strips. Thee of thh 
filler strips were wtside the hot htffer regions d tht other 11 were in tk hot buffer vim, 

The hot buffer filler strip desigr woo intended to both reduct d ia l  inflow of seal coolant 

ond also k sotuotc the inflow from tht filler strips. 

The refcence for the locotion of the nnfclce regession &IU wros the serial 

n& of the fi,.a strip. The seriol Mnber sea on the filler strip is qrpaKimotely 1.6 

k h e s  long, tkfore,filler strip -t stations "wry he as much o 1.6 inches off in 

either direction. Figues 6-53 ond 6-54  haw the ovemge of the dot0 moilable for filkr 

strip d o c e  regesrion in and mtside of the hot buffer region, qxxtiwely. 1k.e fillst s t r i p  

in tht hot hufk region showed subtmtidly m o ~ e  surfoce m i o n  than t k e  artride the hot 

buffer aw. The deepest corrodion occurred on the lateral k e s  at the outside diameter. 

The cav&oCr woo more extensive at the aft end thor. expected ond same c m i o n  wm 

oberved on the faces opposite the fuel elements md on the imer canen. 

Onthe dia l  Wrfoces the com#ion exhibitgd intennittent swirling potterns to 

core station 30 in. 

foce in axial corkscrew fashion and deepens towards the hot end, Between core stations 

49 and 51, there is sevwe undefcatting of up to 0,125 i n c h  in depth. The coated 

which sturt at cam station 51 ore y l l y  intact. The fuel side foce corrosion was lighter 

than the d i a l  surface c m i a ; ,  it started at core stotion 13 ond progessed to core stotion 

51 in. in intermittent t r o v a  path which become wid* ond dcepcr toword: tk hot end. 

From care station 39 - 51, amosiar cuts across the entire did 

These flow pttems indicate a considerable OFK)Vnt of axial flow in the fiiler 

strip region, particularly at the hot end of he core. The question on the fi l ler strip 

perfmnce is whether this flow wqj from the exposed and pinholed fuel element channels, 

ot fmn. the lateral support regim. There i s  evidence which points tawotd mdial inflow 

from the seal region. Thisevidence consiskofcorrosionpntterrisontb fillerstrip, the decreosc 

in seal pmssure with aperating time a d  the thermal capsule data. Figure 6-53 shows an in- 

creasing cyclic pottem of increase ond decrease of surfoce corrosion at about every 3 inches. 
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The cycle po~em implie t b t  the conosion moy be connected with real system flow 

cmfiguotiom, hawever, t k  Qta is insufficient to h l l y  identify this OS the piwry 

case. 
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6.5 FUEL ELEAAENT HOT END CONDITION 

A review WQS mode of the visual obserwrtions cf the NRX-AS hot end condition. 

A representation of the NRX-A5 hot end i s  sketched on Figure 6-55. For comparison both 

the NRX/EST and the NRX-A3 hot end desi- are also shown. The mojor differences between 

the NRX-AS 0.d NRXfiSf designs ore in the cooting length and &pth of undercut after 

cooting. Two experimental clusters of elements in the NRX/EST hod a hot end desigr with 

a 1/4 inch tapered tip and no additionol undercut. These hot ends showed l itt le sign of 

corrosion. All of the NRX-AS hot ends had o reduced undercut depth and lecgth similar 

to the experimental elements in the NRX/EST. As o result of this modificotion, the NRX-A5 

fuel element hot end condition was found to be excellent. 
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6.6 SUPPORT BLOCK MECHANICAL AND CORROSION PERFORAIANCE 

A detailed analysis was performed by the k te r i o l s  r)epartmer,t on both the 

mechmical and corrosion performance of the NRX-A5 support blocks. Some of the pertinent 

observations are reviewed in this section. Calculations perf~nned on the J-9 support block 

to determine the temperature patter:a for stress analysis are presented to support the mechanical 

performonce. 

6.6.1 Meckanical Performance 

Macro-observations on the support blocks in the NRX-A5 reactor revealed an 

absence of cracks and corrosion pockets at the cup c o u n t e h e  rodius. This type of crock- 

ing wos evident in the NRX,'EST. Measures were taken in the NRX-AS to reduce the 

possibility 0: . ch cracking by increasing the cup counter bore rodius awl by wing ATJ 

washers with grcioil inserts. The increase in the cup counter bore radius, the use of the 

ATJ washers with Fafoil inserts and I ~ w e r  rami mttx relieved &he stress concentmtim at 

this location which were identified as the incipient cause of this damage. 

Observations revea!ed both transverse and ayiol cracks in the NRX-A5 irregular 

blocks. The axial cracks appeared to be more severe and were probably due to the in-plane 

stress distribution in the block. To reduce this problem in the NRX-A6, and XE-1, the 

partial lobes of the J-3, J-5, and J-9 suppwt blocks were removed. 

The support block prior to the NRX-A5 had uncoated areas which resulted from 

support fixture contact during coating. In the NRX-AS the use of NbC pins to provide 

support during the blmk coating operation proved successful in that no pins were missing 

and no block damage was attributed to the presence of the NbC pins. 

6.6.2 Corrosion Performance 

The support blocks were rated according to the appearance of the coating after 

disossembly. On this Lasis approximately two-thirds of the NRX-A5 support blocks shwed 

performance rating between good and excellent. 

A -  

* - r w = A E T . . a  
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The weight loss data for the blocks was correlated with surface coding appearance. 

The biocks with good to excellent performance showed an average weight loss of 1.43 per- 

cect. The blocks which exhibit4 severe crazed and/or flaked coatings bid an uveroge 

weight loss of 2.13 percent. In al l  cases the higher weight losses were associated with 

specific areas of domage ~ n d  were not the resulr of uniform weight loss. 

The poor performunce of the blocks was, in general, gsscrciated wi th  specific 

coating furnace runs. Similar to fuel element performance, i t  was difficult, due to the 

random scatter, to correlate the good ond bod furnace runs with ,he test performance. 

The correlation band of the support block position io the reactor versus i ts  

performance showed the following trends: (1) regular blocks giving *ood perfxmonce 

(based on coating appearance) were located in the center of the reactor, poor performing 

blocks were generally located in the E, F, and G rows; (2) blocks showing a high percent 

weight lass were randomly distributed with some slight preference :c locations in the center 

of the core, rows A through C; (3) some correlation existed between high fuel element 

weight loss (greater than 51 grams) and the location of high weight loss blocks in the center 

of the core. Massive element damage resu!ted in exceptionally poor block performonce. 

The NRXFST also showed a carrelathn between badly corroded fuel elements and s;'ppcrt 

blocks with badly corroded forward faces. 

In general, the cvzrdl performance of the NRX-A5 blocks including both 

mechanical and corrosion properties was slightly better than the NRX/ESI blocks. It is 

believed that thi. conclusion is attributed to the ahsence of the low power mapping runs 

and fewer cycles in the NRX-AS. 

6.6.3 J9 Perbheral SUPDOI-~ Block Temaerature Resmrses Durina NRX-AS EP-IV Startur, 

The detailed transient temperature distribution of the J9 peripheral support block 

(in the nominal peripheral region) during the NRX-AS, EP-I'V startup was calculated using 

the TRACK computer code. Bou:idcry conditions input for the calculation were the measured 

core inlet temperature and .ve,ccre, core pressure drop and power schedule, as a fuoction of 

6-91 



w Astronuclear 0 laboratory 

startup time. Figure 6-56 presenh the calculated maximum temperature difference (T - T,,) 
in the bloeic. The measured average chamber temperature, T i s  also I.rcluded in the figure 

fDr reference. This temperature difference increased during the rise in power to the first hold 

and then decreased with hold time. The rate o* chamber remperature rise in the romp from the 

3200'8 hold to fu!l power was cpprox;mately 60%/sec. The ca; iulated ,naximum temperature 

difference was 716'R as compared to the maximum temperature difference of 126O0R in 

MX/EST EP-IVA startup. In th.2 NRX/EST EP-IVA startup the actual overage ramp rate 

attained wos aLout 140°R/sec. 

a 

CI  
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6.7 CORRELATION OF WEIGHT LOSS IN THE NRX-U AND NRX/EST 

In an attempt to isolate the sigrificont environmental m d  property parameters 

which affect element weight loss, mu:tiplt? regession anolyses were performed cm the NRX-AS 

and NRXBST fLvi elements to conelate the data. Four separate sample  of elements were 

exmind, 113 NRX-AS WAFF with a m-lcachcd w total body F m b i ! i t y  cneas~rrm~nt.l, 

all weigfrtd NRX,TST elements, tk elements in the NRX-AS with hole location deviations, 

and the I d i n g  code 69, 79, 89 NRXfiST clcmects C- ~ O U S %  of voriotion in fission 

product codtnt os measwed with an ionization chamber in the hot cell. The overage orifice 

diameter, which is idicotivt of power fpctor, mass flow, ond rztifice p e c s ~ u r ~  drop, WOS 

compared with he total fuel elcment -ish, loss For the NRX/EST coating botches. The 

NRX-A5 elements were reviend for hole location and a ccmpriscm wqg 4 between 

weight !csses in canpcroble core locoticms. The ob6crvotim hot  t h e  was a pronanced 

peak in tht NRX,'EST btal weight loar and in the power facts deviotitms as determined 

from gar; itmitotian meos~nmmts led to an atte.mpt at conebting these two pommeten. 

6.7.1 Corrtlatian of Toto! Weight Lo61 04to for NU-* Elements 
Hcving bLcoched bod>. P m s i t y  oata 

&cause of the expectation b e d  on Y-12 vccsus WAFF compar~zomf ? b t  the 

as-leached permeability would influence the cormsian mte, the 113 WAFF tltmentl for 

which as-leochtd permeaEility dota was ovoilable were cxtet. aely evclwtcd, The fotol 

weight loss of theK 113 elements was correlated apinrt the batch overage weight l a ,  

c ~ r e  rdirn, pressure dif fmnca (bore to bcm d bon to intcntitial), CIUI 0t)m vdobla.  

The multiple 1i-r regcairn onoiy~is  r,, u ~ d  which includa a Icmt-sqvores CUNC fit 

oi up to 59 independent variable, 

Y-12 elemenls id rigri!icontly lower as-leachd (before cmting) body pnnmbility 
thon WAFF iuel elements. 
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There were 113 t!eriin& in NRX-Aj Cor which the os-leached total body pmeo- 

bility measurements were available. Al l  of these were WAFF elements with GA bgadr from 

11 different bore coating batches. Forty four were code 99 looding and were pisced in IOWS 

A though 0. Sixty-nine were looding code 39, 49 and 59 and w m  pcriphcnrl COON. The 

NRX-AS multiple reyesion onalpis was concer?troted on these 113 elemarts kcoust t h y  

repcscnted a good sompic of the xre  center and J row, although they were not selected <IS 

a truly r d o m  sonple. Th% batches are listed in Tab!e 6-10. Looding code 89, 79, ard 69 

elements were not c k  to t.9 inciuded in this onalpis k o u ~  of the Stlitf that tkir  

conmbn ra t s  may be unduly influenced by ?k following two factors: (1) in the NRX-AS 

tk code 89, 79, and 69 elements hod 3M be! bcods and were treated independent!y from 

the elements with GA 

ionimtim measurements on NRX/EST in dicate POW- fact- deviatims in Ais maim of up 

to 5 percent too high. AS o matte of interest, the NRX/EST code 69, 79 and 89 tlemtnts 

have h analyzed for a pcnsible re!ationship betw~en weight lass and pawler factor  en^ 

the results ore d i x u d  in the following sections. 

which had loadings of 39, 49, 59, and 99. i2) P-t-tcrt 

Since the WAFF elements exhibit the highest matrix permeability mear~nmentr, 

i t  may k expected thot this sample wi l l  show up gcater e k ! s  of pmssure differences and 

cootings thon a sample oC Y-12 elements. If bore to interelement plcrwrc diffcrerrce affects 

c m i m ,  i t  may be expected thot this sample w i l l  show this effect. The mnge of mesurd  

weight losses F o r  the 113 elements is fnnn 18.7 to 73.5 gm/element wi th on asewge of 

48.4 gams f a  the 44 elements in Row A through 0, and from 8.7 to 73.4 gmms/elcmsnt 

wi th m merage of 21.8 g a m s  for the 69 elements in the J row. 

The total eiemenr weight losses were correlated agoimt the l i s t  of independent 

variables shown in Table 6-1 1 singly and in combinatims, by a !east-- curve fit 

tcchniq;re.* The 44 elements in rows A through 0 and 69 J row elements were consided 

separately. 

This technique hos been previously describd in WANL-TNR-202. 
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TABLE 6-l@ 

SUMMARY t Y  COATING BATCHES IN ELEMENTS USED FOR NRX-A5 

MULTiRE REGRESSION CN TGTAL WEIGHT LOSS 

Off Looded (Code 39, 4@ and 59) Elements in J R o w  (69 Eiements) 

Cooting Batch No. In Avg W No. In 

c257 
cw 
L 142 
L 142 
F224 
F224 
c258 
c259 
C259 
c226 
C226 

c260 
F225 
c263 
c264 
C265 
L147 
L 144 
L 145 
L 146 
L149 
Ll50 

8 
5 
7 
6 
6 
9 
8 
5 
9 
8 
3 

17.3 
11.5 
42.9 
28.8 
13.8 
12.6 
14.5 
16.1 
23.7 
44.9 
18.3 

8 
5 
7 
6 
6 
9 
8 
5 
9 
5 
1 

Ccde 99 Elements ir! Rows A thou& D (44 Elements) 

C0a:ing Botch No. IC Avg. W No. In 
Sample 8on Back COre gm 

c256 L143 18 
C26 1 L 148 11 
c267 L153 13 
c268 L 154 24 
F229 F233 21 

54.3 12 
3i.9 10 
58.2 10 
60.0 8 
53.1 4 
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TABLE 6-1 1 

CORRELATION PARAMETERS 

DEPENDENT VARiABLE 

ELWENT TOTAL WEIGHT LOSS, OR 

ELEMENT INCREMENT.4L WEIGHT LOSS 

INDEPENDENT VARIABLES 

ENVIRONMENTAL FACTORS 

1) Bore-to+ pressure difference 

2) Bore-to-interstitial presswe difference 

3) Chorrnel Reynolds number" 

4) Charnel wall tempaatum+ 

5) 
6) Element avmge power foetor 

7) Element avemge orifice size 

Tempemhrrs d i h c e  in fuel kom hot spot to w d i *  

PHYSICAL PROPERTIES OF ELEMENT 

8) As-leached (before bore cooting) body penneobiIity** 

9) Coating thickness 

10) 

11) Fuel loading 

After bar@ cooting body permeability 

OTHER FACTORS 

12) Rodius from core centdine 

13) Average weight loss for cooting botch 

Used for incrementals only 

** Used for NKX-AS total weight losses anly 
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The single mat  important of how well the cm la t i on  fib the data is the 

r h t i o n  in random MOI betw~m the row dots with She correlation and tk raw dah without 

the cadgt iar .  The k t  codat ion  for o single coating botch wos able to pedict an 

element's weight lass to a - + 7 gnrm (10) accuracy. The conclusions from this analysis ofe 

m follarrs: 

1) The coating botch is the most important independart variable, not as a 

c m l a t i m  ogoimi tk electrical test but simply the overage weight IOSS of the coating 

botch in tk rcoetor. 

2) For the 67 peripheral elements (loading code 39, 49 and 59), the second 

mast inpatant variable i s  the bwc-to-bore difference. HOWCW~~, the improvement 

in the carelatian is almost negligible when this variable is odded (stondord error reduced 

f&n - + 7.34 to - + 7.01 grams/elecnent). 

3) 
ae shovun in Table 6-12. 

For the 41 loading code 99 elements, the results of the correlation attempt 

6.7.2 Conlation of Average Orifice Oiometer Versus Totol Weight Loss 

The avemge orifice diameter and the toto1 fuel element weight loo show a trend 

of increasing weight loa with ovemge orifice size. The coating batches with six or more 

elements were molyzed far both the Y-12 and WAFF fuel elements. Figure 6-57 shows 

repgsentotive results of the influence of the average orifice size on the fuel element weight 

loa. The sensitivity of the weight lcsr to oriflce sire i s  d m t r a t g d  by the large hcrease 

in w igh t  loss with a relatively small increase in orifice diameter, The average orifice size 

i s  indicative of the fuel element power factor, channel moss flow mte, and the orifice 

pressure drop. A large orifice is associated with a high power factor and high flow rate 

channel ard the small orifice with a low power, low flow rate chancel. A large orifice 

chmnel experiences a low orifice pressure drop and a high pressure level in the channel, 

whereos,~ small orifice channel experiences a high orifice pressure drop and a lower pressure 

level in the channel. 

This technique has been described previously in WANL-TNR-202. 
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TABLE 6-12 

RESULTS OF CORRELATION ON NBX-AS TOTAL WEIGHT LOSS MEASUREMENTS 

sllbol 

A? 

AW 

I 

PF 

DOI 

R 

m 
c1 

h- 
wok - 
a0 

50.0 

0.0 

1.159 

45. a5 

n. 0 

9.5 

2.10 

6W = 4.440 4 0.818 G 432.1 p&] - 153.9 [a] 

80.1 

68.7 

ma. 
u s k  - 
7.0 

31.9 

a7 

1.m 

36.0 

5.5 

1.0 
1.15 
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Figure 6-57. NRX/EST WAFF Fuel Elements Total Weight Loss versus Average Orifice Size 
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6.7.3 Effect of Hole Location 

NRX-A5 elements which hod hole locotion deviations* were compared against the 

weight losses in comparabls core locations (six sectors with same cluster, row and element). 

None of the Y-52 elements hod hole location VR's and the comparison i s  between WAFF 

elements only. The results ore summarized for 17 element locations in Table 6-13. In eight 

cases the hole location VR element hod the highest weight loss of those compared (assuming 

boken elements have the highest weight loss). In one of these cases, locotion MH, the two 

elements wi th  highest weight loss both hove hole location VR's and both are in the same 

coating batch. This was a "poor" coating batch in comparison to others. The weight losses 

are 92.1 grams and 45.4 grams. The other four elements in the other sectors hove weight 

losses of less than 27.7 grams. 

In seven cases, the hole !ocation VR element hoc! the secmd highest weight loss 

of b e  six sectors. However, in seven cases, the lowest weight loss elements also hod hole 

locotion VR's. It cawtot be concluded from this data alone that hole location had a 

significant effect on total weight loss for the WAFF elements. 

6.7.4 Correlation of NRX/EST Total Weight Loss With Gross Ionization Meosurements 

The pronounced radial peak in the NRX/EST total weight losses c+ the same 

apptoximate location 05 the largest deviations in element power factof** led to an attempt 

at correlating these two parameters. A difference of 1 percent in power foctar from the 

design value causes a 50 R change in gas exit temperature at full power, and this may 

possibly affect total element weight loss. The elements showing the deviation in power 

factor were mostly loading code 69, 79, and 89 elements. The correlation of deviation in 

0 

* Hole locotions were held by drawing to within 0.012 in. radius of true position except 
the displacement of outer holes toward the outer envelope was limited to 0.006 in. 
maximum. VR's (Variation Requests) were accepted up to 0.014 in. and 0.008 in., 
respectively . 
"NR>C/EST Final Test Report". 

** As meosured by the post-test gross ionization technique described in 'NANL-TNR-216, 
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power factor versus weight loss was done for 179 elements with these loadings. Sixty-seven 

broken elements without weight loss data were not included in the correlation, however, 

the average power factor deviation was only 0.66 percent higher than predicted for these 

elements. The  average power factor deviation for the 179 unbroken elements in the sample 

was 1.01 percent higher than predicted, which by comparison with the broken elements 

indicate no goss effect of power factor deviation or) element breakage. The correlation, 

using the multiple regression technique, was tried for al l  179 unbroken elements as a group, 

a l l  loading code 89 elements as a group, and finally, three different coating batches were 

run separotely. None of the correlations showed a significant dependence of weight loss 

on power factor deviations. A l l  d the NRX/EST elements in th i s  sample had GA fuel beads 

and the comparable elements in NRX-A5 had 3M beads. 

In summary, the results of these correlations are: 

1) The correlation of total weight loss data for the NRX-AS elements having 

as-leached body porosity data indicated: 

a) The coating batch is the most important independent va-iable considered. 

T i i s  was not a correlation against the electrical test but simply the average weight loss of 

,oating botch in the reactor. 

b) For the 67 peripheral elements (loading code 39, 49 and 59), the second 

most important variable is  the bore-to-bore pressure difference. However, the improvement 

in the conelatwn is  almost negligible when this variable i s  added (standard error reduced 

from + 7.34 to - + 7.01 grams/element). 

2) The correlation of average orifice diameter versus total weight loss showed 

a trend of iircreasing weight loss with average orifice size. 

3) It could not be concluded from the correlated data that hole location had a 

significant effect an total weight loss for the WAFF elements. 

4) Correlating the NRX/EST total weight loss with gross ionirction measurements 

did riot show a significant dependence of weight loss on power factor deviations. 
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TABLE 6-13 

COMPARISON OF WEIGH? LOSSES IN ELEMENTS WITH HOLE LOCATION VR'S 

22-2 

20.1 

16.2 

Located in Different Sectors, Same Cluster ond Element Locotion 

Location w ( 9 4  Hole Location VR 

1.168 42.1 Yes 

23.9 

Y-12 elements 

670 48.0 

14.1 

11.9 

10.6 

10.0 

7. @ 

no 

6.5 yes 

*Indicates elements in the same coating batch 
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Laboratory 

J6 H 

TABLE 6-13 (CONTINUEnl 

23.2 Yes 

19.8 no 

1 13.9 

9.9 

8.1 

7.4 

C3D 58.5 no 

50.9 

50.7 

5er 47.2 

Y- 12 elements 

54 H 92.1, yes 

45.4* YZS 

27.7 

24.2 

no 

I 
20.6 I 
18.5 1 

J95 28.3 no 

27.5 

27.1* 

20.8* no 

17.7" 

8.9 

J7F 37.2 no 

25.7 

20.5 

16.5 

15.3 

Yes 

tI0 

no 

no 
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J3 J 

TABLE 6-13 (CONTINUED) 

Broken no 

t?. 6* Yes 

Astrowclear 
laboratory 

37.4 

24.8* 

no 

no 

23.4 no 

17.3 n3 

JPP Broken no 

24.1 

19.1 

no 

Yes 

17.5 no 

10.3 no 

8.3 yes 

J5J Brcken Yes 

J. 5 no 

22.7 

16.0 

13.5 

J3T Broken * 
Broken 

22.2 

20.1 

16.2 

14.4* yes 

*Indicates elements in the same coating botch. 



J50  

TAbLf 6-13 (CGMINUEDI 

19.3 
19-2 

18-3 
13.3 
l?. 2 
10.0 

r-3 

no 

613V &dctn 

37.7 

14. 8' 
13.5 

w 

no 

Y- 

no 

13. . F 
12.7 tI0 

J3S 19.8' no 

'4.1' ycr 

14.0' no 

12.5 

12.2 
Yes 

no 

11.6 n0 

DZF 

57.1 Yes 

50.5 Y e  

53.1 no 

a. a no 

37.5 no 

*Indicates elements in the same coating batch. 



6.8 ANALYTICAL 1KHh;lWES 

"Fuel Element Bore Weight Loss Code and Its Application to the NERVA Core kip" 
WANL-TME-1344, Jonvory 1366. 
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aP = pmssure d i b t i o !  between bort urd 

W = flow 'b/sec 

before a pinho!e is fonncd, psi 

*"core Effective Gap Test Resirlh", WANi-TME-1570, February 1967. 
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figure 6-58. NRX-AS Midbond Core Characterization 
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Figure 6-59. Calculated NRX-A5 Bore Weight Loss Distributions 
Normalized to Measured Data - Core Central Region 
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Figwe 6-60. Calculated NRX-AS Bore Weight Loss Distributions Normalized 
to Measured Data - Core Mid-RodirJI Region 
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Figure 6-41. Calculated NRX-A5 Bore Weight loss Distributions Normalized 
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Figure 6-62. Equations Used in CAPING Code 

6-115 



6.9 CONCLUSIONS 

The mior conclusicm based on a review of the corrosion performance data from 

the NRX-A3, NRX/EST and NRX-A5 reactor cores are wrmnarized in this section. 

1) The overall weight loss performance of the Y-12 fuel elements was better 

thon t)re WAFF fuel clements in b t h  the NRX/GT and NRX-AS. The average Y-12 element 

weight loas WGS approximately 16.0 grams/element in both reacton. The WAFF weight losses 

were significantly greater; 45.0 grams/element in the NRXRST and 36.9 grams/element in 

the NRX-AS. 

2) The implied average weight loss foi all the elements in the NRX/EST was 

32.4 gams/element, in the NRX-A5, 27.0 gmms/element and in the NRX-A3 10.7 gams/ 

element. 

3) The fraction of broken elements in the NRX-A5 was 13 percent higher thon in 

the NRX/EST. The maximum loss at the midband region was also greater in the NRX-AS than 

the NW/EST which resulted in weaker elements and thus more breaks during disassembly. 

4) The largest fraction of hroken elements for both the NRX/EST and the NRX-AS 

are in the cote peripheral region 14 in. to 17 in. 

5) The NW-AS WAFF fuel elements in the core peripheral region indicated 

significantly less weight loss than the WAFF fuel element in the NRX/EST. 

6) The average overall element weight lasses for the NRX/EST rrnd NRX-A5 

appears to be independent of core sector. 

7) An evaluation of the overall incremental weight loss data indicated that 

(0; the integrated weight loss was highest in the central region and lowest in the mid-radial 

region for both the NRX/EST and NRX-AS, (b) in the NRX/EST the central region elements 

were choracterited by an aft end peak, (c) the NRX-A5 exhibited a well defined peak 

midband weight loss at core station 20.0 in., (d) a lower hot end weight 1055 from core 

stations 30.0 in. to 52 in. was observed in the NRX-A5 than in the NRX,/EST due to the 

a k n c e  of extended low power testing. 



8) Measured surface corrosion in the NRX-A3, NRX/€ST and NRX-AS bores for 

clusters A, D, & H, which are representative of the central, mid-roc'iol, and peripheral 

regions, was the greatest over the aft partion cf the core. It was more pronounced in the 

NRX/EST. 

9) On the basis of similar data for a l l  reactor ccnes, the surfoce and bore weight 

loss given os a function 06 radius indicated (0) the high weight loss in the center of the core 

was principally due to material loss from the surface of the elements, (b) the high WAFF 

element weight loss in the core edge region (r = 11.0 in.) was principally due to bore 

comosion, (e) 15 to 30 percent of the toto! NRX/EST and NRX-A5 core weight loss was 

attributed to surface comrsion, (d) the surface regression tmces showed that the axial 

distribution of surfoce weight loss was considembly different than the bore weight loss wi th 

the mojofity of the surfoce loss downstream of core station 27.0 in. 

10) The hot buffer region in the NW-AS appeared to be beneficial for the first 

row nf peripheral ccoted elements, however, its effect hod sut#tantiaIly diminished in the 

second c d e d  row. 

11) In the assesrment of r h e  peripheral fuel elements the effects of loading and 

element location were not clearly evident. It appeared that high looding, location behind 

either partial elements or thin filler strips, and high power factor a l l  contributed to increased 

weight loss. 

12) In comparing the surface corrosion on the outermost row of fuel elements in 

the N2X-A3, NRX/EST, and NRX-AS, the troce cverage data for the NRX-A5 hot buffer 

region showed a reduction in the amount of sudace corrosion for the l imited sample of surface 

data availoble. 

13) The evaluation of pinholes and chonnel exposure in the NRX-AS showed: 

(a) the number of pinholes per element for the Y-12 fuel elements were relatively constant 

for a!l sectors, the average number was ?. 25, (ii) the Y-!2 average number of pinholes/ 

elemer' was about equal to the inches of channel exposure per element, 6.1 inches/ 

element, (c) the WAFF elements exhibited GO distinguishing characteristic in phholes 
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or channel exposure other than the average channel exposure, - 
about three times the average pinholing, 12.5 inches/element, (d; the core average channel 

exposure characteristic for both WAFF and Y-12 elements, 33.85 inches/element, and 

18.7 inches/eIement respective!y, were twice that of the pinholing Characteristic. 

85 inches/element, was 

14) Comparisons of the NRX-A3, NRX/EST and NRX-A5 pinhole and channel 

exposure data showed: (a) a region of a relatively low number of pinholes existed in al l  

three reactors at about core radius 9.0 in. similar to the overall weight loss distributions, 

(b) an improvement in the T iphera l  perfmmnce of pinkale damage in the NRX-A5 tom- 

pared to the NRX/EST, possibly due to the surface coating wi th  NbC and the two hot buffer 

sections, (c) the maximum number of pinholes shifted to a lower statim for a l l  three reactors 

starting with the NRX-A3, (d) the maximum axial channel exposure value also shifted to a 

lower station in the NRX-A5 compared to the NRX/EST 

is) In the NRX-A5 approximately 1.8 percent of the core fuel elements examined 

were "zero defect" elements, i.e., exhibited neither pinholes nor channel exposure. Fifty- 

six percent of these "zero defects" elements were in the hot buffer region and some 77 percent 

were in the J row. O f  these J row zero defect elements, 60 percent were externally cautsd 

wi th  NbC. 

16) The NRX-A5 fi l ler strips in the hot buffer region sustained more surfice 

corrosion than those outside the hot buffer region. The deepest corrosion dccurred on the 

lateral faces at  the outer diameter of the strips. 

17) As a resu!t of the reduced undercut depth on the NRX-A5 !mt ends, the 

condition of the fuel e/el;ient k t  ends was found to be excellent. 

18) A statistical treatment of the NPX-A5 weight losses indicated (a) for the 

elements where as-lsxhed body porosity data was available, the coating batch was the 

most important independent varia ble considereci and the second variable of importance was 

the bore-to-bore pressure difference, (b) the correlation of average orifice diameter versus 

total weight loss shoNed a trend of increasing weight loss with increasing average orifice site. 
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(c) i t  was not possible to conclude from the correlated data that hole location had a significant 

effect on total weight loss for th j  WAFF fuel elements, (d) none of the correlations of the 

NRXfiST total weight loss with gross ionization measurements snowed a significant dependence 

of weight lass on power factor deviations. 

19) The overall performance of the NRX-A5 support blocks including both mechanical 

,.nd corrosicn Performance was si-lhtly better than the NRX/EST support blocks. IC the NRX-AS 

this was thought to be related to the absence of the extended low pov:er operation and the use 

of low startup ramps, of 60 R,’sec maximum. 
0 

20) The analytic methods i d  to predict bore and surface corrosion proved as in 

the case of the NRX/EST, iwdoquote to predict the NRX-A5 reactor corrosion behavior. 

Improvements to the THT and T D C  codes resulted in better corroboration of calculated surface 

regression data and measured data. A new code, CAPING, was developea for the specific 

purpze of predicting pinhole formation and the effect of pinholes, 
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7.1 SUMMARY 

krof~is of NRX-M 0nd NRX/EST &to indicate that p1ot-t har proved 

to be of hi& importance in deriving qurrtitativt rrrb-crXcolity by the inverse muitiplicatiorr 

method. Althaugr the &imoted shutdown is relatively imemitivt to d o l  displocement 0; 

the detector from the source plane fix the s o w ~ ~ t e c ~ t o r  geometries tested, i t  k 

o k t i o n  of the d i o l  distance of the detec tor  from the noctor vessel Mface. A ' c b -  

in' detector at o 4 inch dictonce can be expectea to give o comervotive estimok of hut- 

&# whik extmpolotiom fmn o "far-out' detector at o 36 inch dirtonce should be sa- 

pected as ncmcoclaenotive. 

An understonding 06 t)re idwent m t i v i t y  of the NRX-AS reQc:or wos danorJtrotd 

by the relatively el- prediction of initial criticality. The atwi critical drum position of 

99.3 dga;eer compared well with the final d i c t i o n  of 95-0 degrees ond reasonably well 

with the 93 + - 7 degree ongle originally sn&t at the time of reoctivity shimming dving 

Osrembly. 

It ha been shown that if ihe invene multiplication technique is colibmted by m- 

toting OI# drum b 180 -,it rnoy be used to qxnntitotively estimate shutdown in dollan. 

In the deeply shutdown condition (about 10)) conservatism i s  good and os tk wire-free condi- 

tion is cpproached, precision becomes very good. 
The onolysii of dnrm worth doto (1) confirmed the uniformity of the individwl 

dnrm wort)lf# (2) showed that singie drum imert'm and singk drum withdmmrl technques 

ore estgntially equiveknt, and (3) indicated that the NUX-@ control drun span wos 8.2s 

compored with he predicted 8.53+ - 0.3. The power control technique used for uniformity 

measurements in this test series is ewlwted a5 excellent and i s  recommended for futher UK. 

*The major contributor to this chapter was L. I. Ortcnkrg. 
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The low m r  cote station 8 temptuture coefficient of reactivity inferred fron; 

test data is -0.182 &/OR in excel knt ogrcment with the NR&/EST value of -0- 19 {/OR. 

The p a m r  mnge over which this coefficient is c l ta l y  opplicobk is approximately 50 to 

1 0 0  KJV. ~b of the amlyti=al core cocffit-mt, -0. I 1  OR, s h o ~ ~  be contitwed at con- 

d i t i a  of wry k~ powcr (100 Warn, for eXanpk) O d  * CoCc tCrrpmhrrcr On fairi) 

miform. 

The beryllium reflectar tcmpmtue coctficitnt of reactivity has been foud to be 

in the q 4 . ~ 9  to ia092kiOR n t o r  d h t  )c~pcmtwe.  he v t  witt: ttw cob 

culaled cceffkient, *o.ma #/OR, is reasonably good Ihm8 the cakuloted refkclor o[r 

efficient ccm remain in use far correction of near-ar .bent teocIM amdit'ks. 

The total reactivity Ioos in ht NRX-AS test series was 236s based on the chmge 

in ambient critical p i t iom.  The variation of the lort with time W[B ogain find to be 
exponential, toking the fcrm: 

This lorn h e r i o n  has heen supported by statistical wlysis. 

The discrepancy in EP-IV between reoctivity iaSr Curing operation and that 

inferred frorn thc pkst  and post-test niticalr as indicated by eorly analysis h a  been ex- 

plained essentially by hyarogen occurnulotion in he corroded a m  and hydrogen difhrsicw 

into the natuml porn of h fuel in the early stoges of the test. 

The NRX-A!i reactivity swing to fuil p e r  OR -11 qnesented by the N R W S T  

empirical reoctivity feedback model. The one sigmo uncertainty in the model has been found 

to be 7. with a 98 percent confidence range from 5 2% to 11.6g. 

7.2 APPROACH TO CRITICALITY 

7.2.1 Peripheral Poison Wire Removnl 

me peripheral poimn w i r e  were removed in the R-MAD Building prior to m u l e  
1 

installation in accordance with operating procedure NRX-AS-PS . Out of 3 total inventory 

of 6990 wires, distributed as shown in Figure 7-1, 6207 wires were extracted from the con 

1 NRX-A5-PS, "NTO Operating Rocdure for Test Assembly, Mechanical Assembly", 3/66 . - --.mm- 

-& - r i  r - m n b -  
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try- 0 - 
during his opemtion in the R-MAD PuiMing. This n& represents a slight Cpprtur, from 

past procdam. h NRX-A2, N P X - a ,  d NR>C/ESf, then were 6192 peripheral poison 

wires 'Ihe anticipated p esr -a  of exit gas ~enrocowles which nr~lld h a w  I)lodowcd 

!S c=ooIart chonnk in c b h r  rows A ad B ad pnve~ted imrtion of poison wires rcs~Ited 

in a shift of 15 wires from he  "central" region (cows 4 6, md centml cluster) to the per 

iphcml region (rows C to J). Thus 6207 w i m  we- involved in the NRX-A5 peripheral poison 

wire nmmrl instead of 6192 
1 

During the wire rentoval , change0 in neutron mlt;plkation were monitored with 

four 6F3 dekctars, located a9 shorn in Figw 7-2 Only o n  dettctor, C-2", WJS ~xo*& 
2 

relative to the source such that its geometry appcxinmted that of the m i c t i o n  . The 

NRX-.4 i;rverse multiplication pediction, which was based on analysis of NRX/EST mea- 

surcments 8 was developed by averaging the response of two detectors; one (C-4) locoted 

on the source plane, 6 inches from the pressure vessel, d the other (C-S! positioned 

11 i& above the sciice plane, and 4 inches from the pressurt! vessel. Both detecton were 

d'kploccd azimuthally from the - re  by 180 degreer. Detector C-2' in the NRX-A5 experi- 

mQnt WB diiploced axially 22 inches ftom the source plane and was effectively 4 inches from 

the preaun vessel. In this location its response was actually better approximated by that 

of the C-5 detector in NRX/EST, since the N R W S T  onalysk showed that detector q m n s e  

it mcxe sensitive b distance from the preraure vessel than to axial d'kplocement from the 

3 

source plone. 
1 

Tables 7-1 a d  7-2, reproduced here from the "NRX-AS Re-Test Report", wnmarize 

the poison w i n  removal sequence and the count rate data collectedduring this operation. 

For each of the four detectors fie inverse multiplication values, give in the second toble 

have been normalized to 1.0 at the f~ l l  wire inventory. This normalized data i s  plotted in 

Figure 7-3 which shows o comparison of the measurements with the prediction and wrth the 
results of NRX/EST detector C-5 alone. 

1 NT0-2-0075, "NRX-A5 Prc-Test Kcport", 5/66 
2 WANL-TME-1388, "NRX-AS Test Prediction Report", 3/66 
3 WAN 1-TNR-216, "NRX/EST Reactor Test Analysis Reprt", 

V' - - . R P L  
-*- 
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Figure 7-2 Source and Detector Locations for NRX-A5 Perlpherol Poison Wire Removal 
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TABLE 7-1 

PERIPHERAL POISON WIRE REMOVAL INCREMENTS 

2 627 1278 

3 531 le00 

4 687 24% 

5 498 1994 

6 

7 

e 

9 

IO 

11 

12 

13 

14 

IS 

SGl 3495 

402 3897 

432 4329 

372 

378 

402 

243 

240 

162 

81 

4701 

5079 

5481 

5724 

5964 

6126 

6207 

Clusrcrs Rem.& l t  i s  Ir.ctc-wnt 
k c c a  - RInn - CLst t r  

113. 115, 117. I J Q .  3J3. 3J5. 3J7 
3J9, 5J3. 5J5. 517. 4J5. ond !F l  

2J3. 1J5, 2J7. 2JQ. 4J3. AJj. 417. 
4J9, 6J3, 6J5. 6J7. ond6J9 

1 J4, IJ6. IJ8. 2J4, 216, 2J8. 3J4. 
316, 3J8. 4J4, 416, 4J8. 5J4. 516, 
5J8. 6J4, 616. 6J8. ond I I - 0  

1H4. lH5, IM. lH7. 2l9, 2H4, 2H5, 
2M. 2H7. 3I-0, 3M. 3H5. 3%. 3W. 
4H3. 4H4, 4H5, 4M. 4W. 5M. 5M, 
SHS. 5M. S H 7 ,  6H3. 6H4, 6H5. 6W, 
ond 6H7 

IC!, lG3. 165. lG7, 2G2, 2 M .  2G6, 
3G1. 3G3. 3G5. 3G7, 4C2. 4G4. 4G6. 
5GI. 5 0 .  5G5. 5G7. 6GZ. 6 M .  ond 
605 

I 2, l a ,  l a ,  2G1. 2G3, 2C5. 2G7, 
3G2. 3Gz. 3G6, 4G1, 4G3. 4GS. 4'37, 
5G2, 5%. 5G6. 6G1, 6G3, 6G5. ord 
6G7 

In, lF5. 2F1. 2F3, 2F5, 3F1, 3F3, 3F5, 
4F1, 4F3, 4FS. 5F1, 5f3, SFS, 6F1, 6F3, 
ond 6F5 

1F2, lF4, IM. 2F2, 1F4. 2F6. 3F2, 3F4. 
3F6, 4F2, 4F4, 4F6, 5F2, 5F4, 5F6. 6F2. 
6F4, od6M 

111. lE3. 1E5, 2E2, 2E4, 3El. 3E3, 3E5, 
4 9 ,  4E4, 5E1, 5E3. SE5. 6E2, o d N 4  

IC:, 1E4. 2E1, 2F3, 2E5, 3E2, 3f4, 4E1, 
4C3, 4E5, X2, 5E4, 6E:. 613. d 6 E 5  

101. 1D2, 
4D4 4M. 501. 532. 503. 602 ond604 

104. 201. 3 3 ,  304, 401, 403, 504,  6D1, 
and 603 

1C1, 1C3, 2C2, 3C1, 3C3, 4C2, XI, X3.  
ond 6C2 

2C1, 2C3, 4C1, 4C3, 6C1 ond6C3 

1C2, 3Ci. ord X7 

63. 201. 204. 3D1, 302.3D3, 



a! 
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We go0ci Qgeement in curve shape between NRX/EST detecton C-5 and C-2" has 

been wted p:eviously. 

sitive volumes of the detectors were in b t h  cases about 4 inches from the pressure vessel 

surface), but were located at difterent axial positions (11 inches from the source plane for 

detector C-5 and 22 inches for detector C-2*). An intercomparison of NRX-A5 data further 

indicates that the effect of ax i i l  displacement f r m  the source plane i s  also seen to be rel- 

atively unimportant. NRX-AF detectors C-1, C-2, and C-3 were each located 3 feet from 

the pressure vessel and 180 drgees azimuthally from the source, but were in d i f f m t  axial 

locations separated by 9, 5, und 2 inches, respectively, from the source pkne. The inverse 

multiplication values obtains. w i th  these three detectors essentially coincide (as shown in 

Figure 7-3). In onier to obiain a quantitative meowre of the effect of ihe smoll differences 

which bo exist between the detector responses, a least squares linear f it was made to the last 

five data points for each detector. Figure 7-4, an enlarged portion of Figure 7-3, shows the 

suitability of the assumed linear form since the dota is seen to be well represent4 by a 

straight line. To avoid the error involved in graphical extrapolation, the least squares 

equations were then use;: to calculate the zero (1/M) intercept for each detector, permitting 

a simple comparison between detectors. Summarized in  Table 7-3 is  this comporison as well 

as the equation for each line and ihe respective correlation coefficient. The magnitude of 

the correlation coefficieats further substantiates the assumed linear form of the fit, thus 

indicating the strong - cnd linear - relation between the two variables, (1/M) and number of 

wires, far this particular geometry and shutdown range. 

Both of these detectors were at the same radial distances (the sen- 

The comporison between detectors C-1, C-2, and C-3 is  shown gmphically in the 

inset in Figure 7-4, where the axial displacement of the three detecton is plotted against 

the zero (l/M) intercept of the three least squares lines. Although three is little or no statis- 

tically significant difference between the three intercepts, for consistency alone a least 

squares fit to the three data points wa5 made to provide a way to meaningfully combine the 

values. The zero intercept in this case, 7606 wires, wouki hove been the result expected if 

o detector has been iocated with zero displacement from the source plane, which is believed 

to be the theoretically ideai location axially in this general sourcedetector configumtbn. 

The conclusior to be drawn from the foregoing, similar to that reached in the NRXbST 
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analysis, i s  that the estimate of shutdown i o  relatively insensitive to axial displacement of 

the detector from the source plane. It must be emphasized that t h i s  statement applies only 

to tfw soura-detector geometries typified by Figure 7-2 where (1) the azimuthal displace- 

ment of the detector from the source is i80 degrees and (2) both source and detector are 

positioned between diums near the midplane and ore not shielded by the B'O-Al control 

Van@. 

A consistent comparison of the effect on detector response of distance from the 

reactor is shown also in Table 7-3 by the zero (1/M) intercept VQIU~S. As above, the last 

5 data points during the peripheral wire removal for detector C-2* were also fir with a least 

squares straight line and that line extrapolated to apparent ctificolity (1/M = 0). The re- 

sultant shutdown, expressed in nwrber of wires, i s  (7313 - 6%:- =) 323 wires in cantraft 

w i h  that from detectors C-1, C-2, a d  C-3 which is (7606 - 6990 =) 616 wires. The actual 

shutdown, as measured by the "rod drop" method in  EP-1 after criticality was achieved, was 

about 5$ which is equivalent to about 464 wires . Thus, in the deeply poisoned condition 

(centml 783 wires remaining) a detector about 4 inches from the reactor can be expected PO 

give a conservative estimate of shutdown while a detector ot 36 inches should be suspected 

as giving a non-conservative estimate. 

1 

1 WANL-TNR-216, "E:RX,'EST Reactor Test Analysis Report", 12/66 
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7.22 Ce-tral Poison Wire Removal 

Prior to NRX-AS, th. procedure used for atiaining initial criticality of the NRX 
1 

reacton was to remove the centml poison wires by increments ot the Test Cell. 'The central 

poison wires were removed ir. increments during control morn operations md the muitiplica- 

tlon determined after each increment until the reactor went critical with the drums near 

180 degrees. The remaining wires were then removed in several additional incremnts with 

the successive critical angles grduolly app:oaching an angle near Po degrees d e n  a i l  wires 

were removed. This method of attaining critizclity involved considerable time and many 

entries to the Test Cell restrkted area. 

A different mehod was wed for NRX-Xi. All of the poison wires w? re removed 

at the R-MAD Building without taking the reactor critical. The initial criticality of the 

reactor was then accomplished at Test Cell A during EP-I by determining ceutron multipil- 

cation os a function of drum position. 

The NRX-AS poison wire removal ope ition WQS thus concluded in the R-MAD 

Building with the removal of 783 poison wires from the central portion of the core. The re- 

moval was in  accordance with procedure NRlGA5-P9 and was carried out d e r  the follow- 

ing restrictions: 

2 

1) No more than two clusters of wires could be pulled dusing one removal 

increment. 

No more than 15 percent of the extrapolated number of wires to criticality 

could be pulled at one interval except that in the final step a whole cluster 

of wires could be pulled. 

Central poison wire removal at the R-MAD Building wos to be terminated i f  

the difference between the point of extrapolated criticality (in terms of num- 

ber of wires removed) and the actual number of wires removed, was 325 wires 

or less wi* a i l  drums at zero degrees. 

2) 

3) 

1 

2 

I'CentraI" refers to those wires in the 0-00, A and E clusters, t\ pically 19 clusters of 
42 wires each. 
NRX-&-P9, 'INTO Operating Proczdure for Central Poisor. Wire Removal at R-MAD 
for NRX-AS", 4/66. 
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The gmeral method used to remove the central wires was to pull a group of wires, 

t&t o multiplication count, rotate drum number onc to 180 deqpe~  and toke another multi- 

plication count. This process was repeakd f a  taJl w i n  removot increment. Rior to d i n g  

thc first removal, b<rse counts were obtained with all drwm at zero and then wit): drum num- 

btr one at 180 degrees and the remaining drums at zero. 

The swrce-dttector geometry used in this operation was us shown in figure 7-5. A 
6 Plrlle source of 24 x io ./six strength wos located ogainst the presswe vessel rufoce at 

opproximtely stotion ab. The source w ~ l  positioned within o one-foot cube of paaffin w i th  

a cadmium kieb on the side d w ~ y  irom the reactor. Three detecton, C-l*, C-2*, and C-P,  

-re p l d  in corrtoct with the 
thtoe dettetws were ~ ~ ~ y o n d e d  from the noule-vesel flmge. Two additional detectors, 

C-1 ond C-3, were place ot approximately three ket "om the plessure vessel in the geom- 

etry d fkr the p e r i e m l  poison wire removal operation (See Figure 7-2). All of ?he de- 
-tors mentioned are covered with 1.25 inches of polyethylene. Except for their axioi 

locot'i, &kb3 c-1 d f -3  and he Source V e f e  in the Mme rdationship 05 they had 

been duing h e  peripheral wire remounl. A Mer minor difference wos the otrrence of a 

codmiurn sheet an the bock of the paraffin block. Since neither of these factors i s  

p r m  ~mportQnt, it is expected that the response of C-1 and C-3 w i l l  permit a consistent 

w l y s i s  of the entire poison wire removal sequence. 

-I at the same d o l  location. The w c e  i d  

A &r ?horo& heatment of the dote c o l k k d  during these wire recnowl oper 

0 t h  ad o d'krsrkn of the shutdorm values ;olculated has been compkkd by NTO 

penomel 4 i s  teopor)ed in the NRA-A5 &-Test Report . Ihe dixmion that followr here 

nlicr heovily on his wdc.  fubies 7-4 to 7-6 have been reproduced from that report for the 

corwanience of thc reader. 

1 

-01 nret)Kdr were used to eokulote 01; oppaenr shutdown magin and to irrrun 

that thc shutdown limit of 325 wires or the equivalent was m i n t a i d .  In the first two 

moth&, the shutdown is determined by urbtmtting the aetw! number of wires r e d  from 

the  ea^^ point at which 1/M =O. The only difference between !he methods is the 

monne; of extrapolation. 

1 N. .' 2-0075, "NRX-AS Rc-Tet  &pat", 5/66 
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The first technique of extr<polation uses the ba# p i n t  (l/M = 1) d the most 

recent doto point (value of inverse multiplication, Co/C+. Rother that relying on the COF- 

ventionol in\rene muItipIication plot, this extmpolotion b mode by use of the simple formula 

i N =  
x i  c- 

U 1 0 -  
C. 

I 

(symbols defined below) which is derived from the eqwtion of o stmight line possing through 

the tm, points noted o h .  The calc~lat~nnrs were perfamed both for the "all drum at zero 

degrees" condit'm and for the "one drun ot 180 degrees" conditions. The doto taken, the 

resulting inverse multiplkation, d the ggrent hutdown mwgins (ex- in wires) are 

tabulated in Tobles 7-4 and 7-5. h o e  multiplication plots for d of the three dekctorr 

and the averoge of the three detectors are given on Figrrres 7 6 ,  7-7, 7-88 ad 7-9. In d. 
1 

case these ore compaed with the predicted inverse multipliecctioncurver e D i h n c e s  cre 
the result of seveml  facto^^. First, for simplicity the prediction was bared on a single wire 

d of 14 per wire. part experience indicoted hat the octual wire worth varied from be- 

low 0.67b to about l.+! per wire. Secondly, the prediction #ras baed on an expected 

ambiint critical dnrm pasition of 93.0 (+ - 7.0) &pes, The ochral critical position meascrred 

in E e l  WOS 99.3 degees. Findy, the prediction crssuned a dnm worth of 8.5$ (M.3). - The 

best interpetotion of drun wcuth as d ' k d  in Section 7.3 w a  8.2% While these last two 

focton were within the uncertainty bad of the prediction, hey nevertheb contributed to 

the total e m  5een in Figues 7-6 to 7-9. The second and third factors tend to offset one 

onother and in fact would result in sli&tly poorer agreement between rneaduement ond a 

new "prediction" if it were mode on the basis of the measured drum worth 4 ombient crit- 

icol position. The error lieen in Fig- 7-6 to 7-9 thus results pndocninontly from deviation 

of the true w i n  worth ham the ossumed Ikper wire. 
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In the second extrapolation technique, use is made of ?he most recent and the next- 

most-recent data points. The analysis in this cafe has only been &ne for the "all drums at 

zero" cmdition. The extrapolation was made using the formula as follows: 

where Nxi = number of poison wires at criticality, as extmpolated at i-th step. 

Ni = number of po'hn wires removed for most recent data point, 

Ni-l= number of po'ton wires removed for next-mofhecent dab point, 

C. 

'i-1 

=count mte for most recent doto point, md 

= count mte for next-moshecent data point. 
I 

The results of this extmpolution and the resulting apparent shutdown morgin (expresd  in 

wires) for each wire removal increment ore shown in Toble 7-6. Although this method is 

preferable to Method I if ?he 1/M curve is nonlinear, it is sensitive to variability in the 

count rote date. Note, for example, the inflection in the neighborhood of 42 to 79 wires 

remaining. 

The apparent shurdown margin (expressed in dollan) for each wire removal incre- 

ment was also evalwkd by a third technique, Method 3, based on the ratio between the 

count rote with all drum ut zero and the count rate with one drum at t80 degrees. The 

formula used wot as follows: 

where KSD = Shutdown morgin expressed in dollars, 

= Worth of a single control drum = 0.708% 4 P  - 
3 

bP = O.OG503, 

= 0.0071, and 
m 

B 
h 
180 

- Count rate with al l  drums at zero R=- - 
Count wte with one drum fully withdrown 
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The results of these calculations are shown in Table 7-7. The calculated shutdown 

values ate seen by the above equation to be essentially directly proportional to the single 

drumworth, - B o  
than the predicted value (7c.8#)# the shutdown CaIculotions hove nevertheles been bcssed 
on the predicted single drum worth. Differences, however, would not be I-:. Fw example, 

the 4.75s avemge wrlwt calculated for the zero wi re  case is reduced to 4.585 
A compwison of the three techniques is shown in Figure 7-10. nese have been 

While h i s  worth is shown in Section 7.3 to be obout 4.5 prcent less AP 

placed on o consistent h i s  by converting the stutdown motgins expressed in number of wires 
1 

?o reactivity by use of the cumulative wire worth cunre shown in WANL-TNR-216 . This 

some wire worth curye was used in conjunctien with the 4.76s shukbwn measured in EP-1 

to provide the best estimate of tire true shutdown at each wire content. This i s  represented 

in Figure 7-10 by o solid line. frominotion of h e  figwe shows that the values obtained wi?h 

Method 3 are in very good agreement with the best estimate ove- the entire range. Ab w i l l  

be shown in Section 7-38 the 8.55 drum span used ir. the prediction WQS hi+: the agreement 

is further improved if the measured drum spon is  vsed. The plotted data is summarized in 

Table 7-8. 

The analysis of the other two detectors present during the central poison wire re- 

moval (as mentioned above) wi l l  not be repeated here. The ~mlpis ha6 been performed by 

NTO personnel and is reported in the NRX-A5 Re-Test Repurt" . This work yielded a hat- 

down similar to that obtained with detectors C-1*, C-2*, and C-3*. From Fiwre D-8 of the 

"NRX-AS Re-Test Reportat2 and Figwe 5.1.2 of the "NRX-AS Site Test Report" , the shut- 

down inferred from the average of these detectors is from 310 to 360 wires, essentiolly in 

agreement w i h  the other detectors. 

2 

3 

h mi&t olso be noted in passing hot the shutdown inferred during the peripheml 

4 
poison wire r e m i  from Q detector in similar geometry to C-2* here was (73136330:) 

323 wtre~ This k in good agreement with the 336 wire extrupolatfon from equation 

1 WANL-TNR-216, "NRX/ES? Reactor Test Analysis Report"* I v66 
2 NT04-0075, "NRX-A5 Re-Test Report", 5/66 
3 NTO=R-OOB$, "NRX-A5 Si te  Test Report", 7/66 
4 See Table 7-3 
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bison wires 
k s m t  

783 

701 

6M 
536 
452 

368 
284 

2d 
!2 1 

79 

42 

0 

TABLE 7-8 

SUMMARY OF SHUTDOIT% 3ATA 

Bcrt btimott 
of shu*’,s 

--- 
--- 
--- 
1028 

9.67 

9.00 

82 1 

7 %  

6.45 

5.89 

5-36 

4.76 

Method 34 
M i f i c d  
Method 3 

1 1 . 3  

10.32 
10.79 

10.03 

8.90 
8.79 

7.66 

7.66 

6.36 

6.03 

5.56 

4.75 

10.90 

9-96 

10.4 1 

9-68 

8.59 

8.48 

7.39 

7.39 

6.14 

5.82 

5.36 

4.58 

1. 

2. 
3. 
4. 

5. 

b e d  on FP-1 shutdown indication of 4.76s and the cumulative poison wire worth curve. 

Based on equation 7-1 of Section 7.2.2 and the cumulative poison wire worth curve. 

B o d  on equatim 7-2 of Section 7.2.2 and the cumulative poison wire worth curve. 

Based an equation 7-3 Nith the prediction value of drum worth (8.59, 

b e d  on equation 7-3 with the best estimate of the drum worth (8.29. 
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TABLE 7-9 

ANALYSIS Of DRUM NO. 2 CALlllRATlON DATA 

EP-1 CRT 

bvrrp’ % 
htavol, sec. 3 K  

193% - 376 0.00500 
19648-868 0,00477 
20670-700 0.0488 
211% - 225 3,00471 

Avaogc values 

EP-1 a1 

19918 - p18 Note 3 
20725 - 790 -0.oM73 

91286 - 326 -0.oMSs 

Avaogc Values 

~ 

+0.000122 
-0.~110 
1o.OOO195 
-0,00012 1 

AKo, 96 

Note3 
9.oooP10 
+O.am45 

- AK ) /0.0071. 
- 0  

1 COlarloredfran(AK 

2 kt NRX-AS mAGON Mano NO. 4. 

3 Colcmp dcm chamel saturated ard u n r d l c .  

4 Rarge of mcorured value. 

68.7 
68.7 
66.0 
68.0 

~~ 

67.9 

Note 3 
69.6 
67.5 

68.6 
- 

Value From 

69.0 
6s.s 
67.2 
65.3 

66.0 
- 

cs.0 
78.3 (5ll.2-69.1T 
67s 
70.3 
- 



chagr  in drum bonk position from cold criticol (c~mcted to SSOoR cort, rrflcctcr a d  90 

1 

2 

Valucr of m t i v i t y  chars fiu the two meorurcments of about 8 g  a d  
in NRX-A5  Eel  DRAGON Mcm~ NO. 4. 
This doto is reported in EP-1 DRAGON 

were prbl- 
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tecnpratwes) wQ -11.50, -lying a ternperatwe eomct-m to a similar ~ S T  test, thc 
ctwmge in drum podition at the - h b e r  pestue 

r&ioofthesetvmmot*kmsis-= 0.93, kuRingthotthediff&ence3ehnlgenthesetwo 

tests is a 11%~u~t of the rclat'ne dnn, spms of the two -tors, the qqxment drum bmk worth 

of NRX-As is 0.93 times the NRX/EST dRI 4, or w.93 x 8.8s =) 8.18% 

tsnpemhres would be -10.t".   he 
10.7 
11.5 

A COnpa'Ron of NRX-AS- with NRX/ESl  doto at ths low flow hold wwb be 

mided ing  since ?he flow profiles were nveroed, resulting in diftennaas in awe "compaction' 

or core 'pesui~ion". 

7.15 C0ld-Co-W Swing to Full h w e r  

fumrnarized in T t h k  7-19 d W i  7.6 ae the NftX-A5 cokl-rp-kor swing doto. 
The in reactivity to the two stwt+-life d i t ionr has been calarbed on M basas, 

on 8.2Sdrrnr rpm and m 8.5Sdrun rpa 'Iheoe values ~t h w n  in ihe lower Qortiorr dlhe 
table. lhe q p r  part gives he chanber amtit'hs ad the otpecttd ceoctivity @, b a d  

m a  kart sqtmesfit to NRX/ESTdalo. 

urperimcntd doto, two carcctbs would mmolly be q u i d .  h, a delayed ne- 

vui l ibi- -tion, haJ been ~ l d d  by thc R-102 poganr and io 9'- in he 
table, The second Comct'bn to =count Ca m octuai d i b  in coldlwhot swing hetween 

the PJRX/EST ad the NRX-A5 reoctoc WQ fwnd to be wnecesstmy, since calculat;Ora kovc 

idicakd hot it is negligible. 

1 h onkr to aornpae the )ormulevalm with t)rc M 

Comparing, then, tbe final column of the upper portof the tobk wilh the last- 

colums of the lower pat, it ctm be - that in Care 1 there is better ogeen#nt betmar 

experiment and calculation when h e  8.5s dfun s p a  is d, w h i k  in C Q ~  2 the ogreccnent 

is better when the 8.2) spm is d, %emfore, cokf-to-hot considemtiom connot be u d  

h m  to aid in o choice of the tnre dn-sspan. 

7-96 hdividual bun L k r i h i t y  Mcarrrnments 

In he part 01 effort has been mak io okain crbdolutt brsm worth h a b n g  with 

a measurement of the u n i h i t y  of the individual ckunr However, in the NRX-A5 test 

1 WANL-TNR-216, "NRX/EST R c o ~ t w  Test hlp'n &port", 12/66. 
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~uogmm a de- was made from this phila6ophy. The experilnent was designed to yield 

only uniformity infonrot'i, h r e b y  both shortening the test and awrlysis time required, 

and reducing the uncertainties that hove plagued these mea~remx~ts in he part.' The 

sequence of experimental step taken was briefly: 

1) 

2) 

3) 
4) 

kt&~l'hta criticality with twelve d m  

Place system in twelve drum "hwer Control'. 

Switch the selected drum to "Individual Control". 

Makc the following iotatiom of t)re selected drum: 

a) From twelve dnnn critical potit'm to Oo 
b) FnwnOoto1800 

c)  Frwn 180° to he twelve drum critical position. 

5) 

6)  RepcotS4ep3to5bddrum.  

Retun selected dnm to "Gang Cmtrol". 

To c o m ~ # m ~ k  for the noctivity r e d  or inserted in eoch of the mtat'lons of Step 4 the 

pawer cantrolhr rotated the eleven dams nmoining udor its eorrhol in a direct'm to 

maiduin anstant reactivity, 21: relative worth of the dnmm being rotated is  then indicated 

by the dwnge in the rtecrb/ -bh critical position after rotot*bns a d b in Step 4. The 

 dah^ accumulated in this pm-dwe shown in Table 7-12 and a compar'lson with prediction 

b shown in Figwe 7-11. k evirent )r#n th is  conrpcr'roonf the drum ae of ap(wrutimdeiy 

equal worth within experimental UI certainty. Since this type of Rlerrsucment results only in 

a relative rneosuc~ of the drum wort:-%- it i s  not signifimnt (from a worit~ stadpoint) hot oll 

of t)ce m e a s d  11 drum ratations are geakr thm pcdicted. :;.is may have ban caused 

simply by he method of mawementf Le., use of 11 drum in power control to "dlodowl' 

o m  bun in position control. 

7.37 Conclmion 

A value of 8.25 hao k e n  selected os the best estiimrk of the NRX-AS drum span; 

for annpor'non the predicted span was 8.53 - 0.3. The results upon which tbe 8.23 value is 

based are summarized below: 

1 See, for examplef the onolysis of drum uniformity meosuwtnenk in WANL-TNR-216, 
"NRX/EST Reactor Test Analysis ly66. 

-=-T; 
.- 
I* "' 
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Mehod lkst Value of spar, s 
Single Drum Withbowal hAearuements 8.15 

Single Drum Imert'm 8.23 

DNn Bani< Oiffkential Maeasuwnerrk 8.30 

Orun Rank htegal -nb 8.a 

Feedbock Reactivity in GHz Flow Test 8.18 

The worth of h e  id'nr'dual drum in NRX-AS has beerr shown to be U r i h  lhe 

technique d is e~lurted as excelknt. 
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Figure 7-1 1. Relative Drum Worth Unifsrmity Comparison 
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laboratory 

7.4 f€MPE4AT'URE CGFFFKIENTS FROM NEA2 AMBIENT TESflNG 

Following the techniques fi-st intraduced in the NRX/EST onalysiq * additional 
1 

near ambient, low power temperature coefficient data has been analyzed. lhe resulting 

values have prov*& an additional indication of the core station 8 temperature coefficient 

of reactivity and the beryllium reflectar averoge temperature coefficient of reactivity. 

7.4.1 Station 8 Temperoture Coefficient of Rtoctivity 

During the Neutmnics Calibration phose of EP-II the reactor was operated for a 

period of obout 17 minutes in the power range 50 to 60 KW. In ,3;h ii- he rearkr heated 

up about 100°R at station 8 while the reflector temperature changed by only several de-s R. 

The control drums ro?a%d outward about lo. Figure 3-6 shows the typical variation of 

temperatures throughout the core during this period. Lln averoge rate of change of temperotvre 

at stat ion 8 was established from that experienced i t  the later portions of the calibration 

period. A time interval for analysis, again near the e d  of calibration, was then selected 

and th is  rote of change applied to it to determine the temperature change. Seleclivg, then, 

the time interval 6860 to 7340 seconds (control room time) the quantities appropriate to this 

analysis are: 

1) A9 = 10G.8O - 99.9" 
A P  = -6.w 

2) AT* = 480 sec. x 0.0763°R/sec = 36.6"R 

3) ATse = 3.6'R 

= -0.173 @R 4, 

0 
In this calculation the effect of the 3.6 R increose in beryllium temperature was neglected. 

If the COHOT beq*llium temperature coefficient of +0.094lPR is  used to account for this 2. 

? 
2 See Appendix A 

WANL-TNR-216, "NP.X/EST Reactor Test Analysis Report", 12/66, pp 6-78 - 6-88. 
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temperature difference, the calculoted stat ion 8 coefficient changes to -0.18?&/%, in 

excellent agreement rith the -0. - .  PR and -0.196PR vcrlues found in the NRX/EST - 
O M l y S i S ~ .  

7.4.2 Beryllium Reflector Temperature Coefficient of Recct;. ity 

After the EP-Ill and EP-N power runs, criticality measurements were ootducted 

at two temperature levels, one in the mnge 7000~ to 800'~ and h e  other near amvtmt 

temperature. In ea& of %e bu r  conditions the critical position was established at sevemi 

power levels. Only ?he measurements made in h e  50 to 60 KW rmge are used here. 

A wmmary of the pertinent data appears in Table 7-13. ihe analytical model to 

which these data w i l l  be fit i s  as bllows: 

A P  = C8 ( A T 8 )  + C (AT,) r (7-4) 

where 

A P  = reactivity change, 
core station 8 temperature coefficient, 

temperature chunge at core station 8, 

c =  reflector temperature coefficient, and 

- 
c8 - 

ATs, - - 

- - 
AT8 

r 
change in  the average reflectc temperoture. 

Note that the station 8 temperature has been used since it has beer, established that at a 

powp- level of 50 KW tbs core i s  hLatirg rapidly enough after 100 to 200 seconds to be 

considered in  the linear portion of the heating curve . The 50-60 KW power level was 

maintained in these tests for about 200 seconds. Althrdgh a longer time would have been 

desirable, examination or Figure 2-6 indicates that the temperature rise was dose b Irnear. 

1 

- 
1 WANl-TNR-216, "NRX/EST Reactor Test Analysis Report", 1 y66, figures 6-25, 6-26. 



-9 

I 
h 
w 
a 

c 

m 
U c 

Q) 1 

h -  6 
L- - 2 -  

c 
0 
f 

C 

d 

7-42 



m7-544.8 = C8 (SeZ-SeS)-C ( 7 4 0 - S a )  

7137- 735.3 = C8 (?a- 539) + C (681 -513) 

r 

r 

1 SeeAgpcndixA 

2 Done by the well-known "Crcnler'r Rule" technique. 
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7.5.2 ObrmrrdRcoCtivity lasr 
Tim me tm, ink-nt methodr fa calculating thc  tal rrractiv-q damge in 

o test. The first, ond s i m p k t  mew, is  W on the differem in ambient aiticcll 

piti- befar and OQter the temt. %e second ttdmque utilizes the meawrtj controI 

drum motion during o test. The nrults o b t o t d  by the4e two approach ore generally 

slightly diffhnt. The difkrmces hot have been seen in the past, as viewed from a 

sli+tly different standpoint a runnorid in Tabk 6 2 2  of the "NRX/EST React# Test 

bnulpis Re+". The diffkrrnus were about for NRX-A3, 20 to 3Q! Cor NRX/EST and 



TABLE 7-14 

SUMMARY OF CRITICAL CONTROL DRUM QOSlTiONS 

Mcoarcd 
Adient 
Criticol 
b i t  I= n, 

ocgca 
995 

99.7 

103.5 

102.9 

137.8 

562 

605 

535 

606 

539 

550 

554 

523 

573 

5 13 

99.3 

98-9 

102- 1 

102-4 

137.3 

- 7  
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75.2.1 R-tivity Lou f;m Ambicr\t Criticality D0t;r 

Urhg the drum poaiiicms s u m i r e d  m Table 7-14 t h ~  reactivity loa 
- 

due to corrosion is cdculatd to be: 

EP-Ill 

EP-lV 

Total 

22.* 

2 13.34 

135.8c 

A drum rpar of 8 Z  as developed in Sectam 7.3 has bem used hare. This method of 

comprting the toto1 lass d i f h  slightly fiom hot  used in the pat, wherein the total was 

based on the Gift in drum p i t h  from first to last crsicaiity. There is indtcd l i t t le 

justification for c b s i n g  between these two nrcthods. Difference are rwtunoteiy rm~ll. 

The method used here appecm to be m r t  heoretically consistent m tirot it elhinotes the 

small m o m a l a r s  S h i h  in drum position Letween tests. 

752.2 Reactivity Lo~r  bring Opcratim 

Dcring operation ot power, fuel material is lost fmm the cme by corrrwion. 

Since carbon is the predornimnt constituent of this lost moterial, o mt reoctivity IOSS OCCUIS. 

The power conholler for temperature controller) accordingly must s g m l  the dnrm cantroller to 

rotate the drum outwcrd, inserting add i t -ml  reactivity into the system to conrQerrsote for the 

reactivity worth of the material l o s e .  fBe drum motion experienced during the two power 

tests in the NRX-A5 kst J e r k  is shown in Figures 7-12 and 7-13. A compor'ls~rr with 

NRX/EST is shown in F iwre 7- 14. Althwgh corrosion is the main cause of reoct'nity 

change, other processes are known to influence reactivity, fm example: distribution af 

flow, hydrogen acumr'3tion in fuel element pores, loss ot NbC coating, and, of cow%?# 

changes in fluid f b w  and temperature. A l l  of the e t k t s  except the temperature and flow 

parorneten hove relotbely mall effect howhr-er. Thus, if !!le drum motion is corrected to 

constant thermal conditions, the reactivity change inferred from it con, with reamnobie 
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accuracy, be 0ttrih.A only to corfoj;-q ~ n d  can be used to w i d e  an v n d ~ - r r d i n g  of the 

timc k b v i o r  of h e  corras’km paces, suoplementing the post-opcrativ e weight lass metsure- 

mutts. 

The m&od by which the reactivity effect of varying hmnol conditions was 

ondytically removed from the obsavd reactivity ctumge is crp!ained m the follming 

pomgm,lhr. 

The ch;* in crlticcil angle from OW ditims k a w 3 e  nmgc of opaoting 
1 

cuditions is given by the follawing &la: 

A e  = 4 . 9  - 0.009 f - 1 3 3 ~ ~  /l \ 
C c c- (7-7) 

where 

A0 = the change in drum poaitirw, degrees, 

0 = h e  measured chamber temperature at operating conditions, R, ond 
C 
T 

P = the mzusured chomtm pressure at operati% conditicm~, pia. 
C 

This aqustiorl WQS determicd from an empirical f i t  of the observed reoct’nrity changes at various 

flow and temperature cond;tiwls in !he NRX”ES1 test. At design full p w e r  c0ndit-m 

(r = 563 pia), the cold-to-hot drum angle change predict4 by this 

eqstion is i 1.9 degrees. 

.= 4093O4, P 
t C 

fquo’ion (7-7) al! .a us to correct the measured control dnrm position at any time, 

t, to whot it ww!d h w t  been ot that time, but - : design full pouer fiow and temperature 

conditions. %e corrected angle i s  given b. *Le equation 

-- 
1 ih i .  iormla was origina:ly baseL on preliminary dota but doc 

rrm the least squares f i t  given in ‘JiANL- TNR-216. 
mt differ significantly 
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where 

0 = the corrected controi cimm -=irk., degrees, 

0 = the meowred control drum posithn, degrees, 

C 

m 

t = r i m .  

The mected control dntm position, 8 is reloted to the excess reactivity, p , 
C' 

over that at zero degrees h r . h  angle by .he equot'm 

P e) = 4.1 (1 - cos e C !t) ) (7-9 

b e  unih of 3 in ;:lis eqiatiori are dollas. This equot'kn hos been shorn to fit the measured 

differential worth curve very well. 

To determine h e  reactivity io65 3~ b e  to corrosion at m y  time t, ~ ( t )  as d d i d  

by equation (7-9) is subtracted from the initki vaiue at time zero. 

The drum m t k n  shoun in Figure 7-12 ond 7-13 was converted io reactivity lass 

by the abofe method. The rmctivity loss us o funct'm of time is shown m F'wre 7-15 for 

EP 111 and in F'wre 7-16 for EF IV. 

From the corrected reactivity lost behuv'h wit;. time, the reoctivity loss mte ut 

any time t could hm be colculoted from the incremento1 reactivity las arsoeictcd with 

each :'ne increment. Thc reoctiv ity loss rote 50 determined is shown in F ' v e s  7-17 d 

7-18 for EP-Ill and EP-IV, respectwely. A comparkr of M X / E S T  ond NRX-AS r-ctivity 

loss rote doto i s  shown in Figure 7-19. 

Analysis was first c d u c t e d  on the reoctk:ty l o a  doto fu EP-IV becavre this 

iriformotion appeared t . ~  be the m t  consistent. Exon;:m?ion of Figure 7-16 shows that the 

c-umulat%e reactivity loss for EP-IV is not a linecr function 0; time on o semi-log plot. 

If, hov~ever, the quantity ( P - 40) cenk is plotted against time, an exceOent f i t  is obtoined, 

I- -ic.-:n in the figure. The some straight line also fits tire EP-Ill doto well, os smwn in 

F;yre 7-15. 
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The following eguot.kns for reactivity and reactivity IOU were obtoined from the 

visual fits to the NRWEST and NitX-AS data. 

NRx/EST: 

NRX-A5: 

P = 6.0 (exp (tn.5) - 1.0) 

dp,/dt = 0.8 exp (t,n.S) 

P = 5.7 (exp (t/8.23) - 1.0) 

(7- 10) 

(7- 1 1) 

(7- 12) 

dp/dt = 0.7 exp (t,’8.23) 

P = reactivity Ioss,cents, 

dp/d! = reactivity loss rate, centsiminute, and 

t = time, minutes. 

As noted above, a single line was used to fit the reac; y? loss rate data for the entire 

NRX-A!j test. It was not poasible to determine whether the reactivity loss rate in the first 

pow% test differed from the rate in ?he second r . r test because of the large scatter in the 

reactivity loss rate data for the first powe, test. 

doto for the first power test. 

.gure 7-17 shows t h i s  reactivity loss rate 

In order to provide a finrer basis for the choice of the above functions, a statistical 

analysis of reactivity loss and reactivity !os rate data for NRX-A5 E?-I l l  and IV was per- 

formed with a multiple regression computer code. In simple terms the purpose of the analysis 

wos to determine whether the corrosion rote was truly exponential wi th  time, or whether it 

r,OUId be fit equally well with other simple functions. 



1 
Table 7-16 gives the resuits of this analysis along with the correlation coefficimt 

and the expa ion  for the best polynomial or exponential fit to the NRX-As reactivity loss ~ l d  

loss rote doto. It should be noted that the equations in Table 7-16 have not been conected for 

initial reoeiivity losses. That is, the equations are those which are obtained when the rmctivity 

loss is equal to zero at the beginning of the test. Therefore, the multiplicative constant in 

the exponential fit of the data w i l l  not agree wi th  the cmstont obtained gmphlcally. However, 

the time constant, 1, in these equations is comparable. 

The most reliable data, which is the reactivity lass data for EP-IV, indicated that 

an exponential fit of the datu i: o significantl, better fit thon o polynomial function, The 

reactivity loss doto for EP-Ill and the reactivity loss rate data for EP-Ill and EP-IV did not 

indicate my significant difference in the correlation of an exponential or polynomial 

function. 

As an odditionol test, the expressions fitting the cumulative reactivity were 

differentiated and cornpored with independently derived expressions fitted to tht reactivity 

loa rate htc .  (he cmparable wmbers are 2.28 and 2.01 for EP-Ill m d  4.97 ond 5.4 for 

EP-IV.) n.is close agreement is not true of the best polynomial fits to the reactivity loss 

data. Therefore, considering the foregoing discussions, it is concluded that on expcmentiol 

function is the best fit of the experimental data. 

The total reactivity loss by th i s  technique for the NRX-AS wos obtained by evoluoting 

equation (7-12) above for 30.23 minutes of full power operction. The volue obtained is  218.76 

in reasonable agreement with ?he 235.w obtained frcm the shift in ambient critical positions. 

A similar comporison wi th  the reactivity loss from the drum motion at full power is more 

instructive if only EP-IV data are used, because of the varying thermal conditions in EP-Ill 

noted previously. In EP-IV the drum motion ztt full power indicates a reactivity loas of 17*, 

in contrast with the 184.7b value derived h r n  equation (7-12). Although the ogreement is 

reasonably good, it appears that the operating reactivity is influenced by factors other than 

corrosion, e.g., the propellant diffus'm effect believed to occur in the early stages of a 

1 The correlation caefficient i s  a measure of how well the experimental data is explained 
by the analytical funciion which is f i t  to it. 
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test. Th is  process has been found previously to cancei the apparent reacrivity loa in the 

eorly port of a power run. 

The early analysis b a s e d  on preliminary data that raulted in the anomalous SW 
difference mentioned in Section 7.5.2 is  now c!Janged as follows. While the net reactivity 

loss in EP-IV wos 17w, the analysis described above shows thot the permanent reactivity loss 

due to corrosion is  in reality about 185d. The reoctibity loss from the pre- and post-test 

criticals m shown in Section 7.5.2.1 is 2 1 3 ~  f x  E?-!\? alone. Thus, the unexplained difference 

has been reduced from 5Oq’ to (213.3 - 184.7 = 1 28.6~. 

Two factors have been investigated in an attempt to explcin this discrepancy, 

numely (1) redistributioq of flow and (2) hydrogen occumulation in the void space created in 

the fuel by the action of corrosion in removing fuel material. 

A radial redistribution in propellant flow occurs during operation os the control 

drum c.rglt steadily increases. As the control drums rotate outward to maintain criticality, 

tempemt..?es in t!ie peripheral fuel elzcents rise causing an increased flow impedance ir, the 

peripheral coolant channels. At cons6;nt total flow this results in an increased coolant flow to 

the central channels where the hydrogen wort’ is  increased. Tnus a net reactivity gain i s  

produced, which would tend to mask the reactivity !oss due to corrosion. The effect was 
1 

evaluated by examination of two MCAP calculations which approximatec start-of-l ife and 

end-of-life conditions in EP-IV. A comparison of the coolant density distributions from these 

two runs is shown ir, Figure 7-20. These two profiles were then weighted by the 

(1) 

(2) 

(3) 
The results ore summarized ;n Table 7-17. Note that due to small differences in 

number of channels each calculation poirt represented, 

the area of the coolant channels for each of the points, and 

the radial variation in the hydrogen worth (from WANL-TME-9361. 

the two MCAP runs a minor correction is  required (Step c) to put the calculations OR the same 

basis (equal average density). The resulting increase in core hydrogen worth i s  only lk, well 

within the convergence of the MCAP runs, and i s  ccnsidered negligible. 

1 MCAP runs for 115 degrees and 140 degrees were used. Actual drum motion in EP-IV 
rslnged from about 115 degrees to about 146 dqrezs. 
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TABLE 7-17 

SUMMARY OF REACTIVITY EFFECTS RESULTING FROM 
PROPELLANT FLOW REDISTRIBUTION 

A. Total Relafive Reactivity Wort:. of H at 140' = 0.6i15 2 
3 

Average density at 190" = 0.09966 lb/ft 

8. Toto: Relative Reactivity Worth of H at 115" = 0.6125 2 

Avenge density at 115O = 0.10033 lb/f? 

C. bt the mme density as 115" the relative reactlvisy worth at 140° is 

0.6115 = 0.6156 

0, Ratio of Reoztivity Worth 

E. Change in Worth of Core Hydrogen 

1 .a = (1.005 - 1.G) $1.75 = 1g' 

Approximate worth of core :,:.i-Jgen. 
1 
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The secord Sactor investigated, acc;um.dation of propellunt in the corroded areas, 
1 

proved to be more important. Bosea on the measured weiyht loa distributions , :he total 

volume available to hydrogen was calculated assuming that the mareria: lost was graphite 

with density 1.86 gm/cc. The reactivity ..or* of this hydrogen wos found to be 236 assunrinq 

axially uniform hydrogen at o density of 2.1 Ib/'ft". In this analysis two simplifications were 

mad*. First, the void volume is  created preferably neur the core midplane, dbe to midba8,d 

corrosion, which acts to increase +he worth of the accumulated hydrogm by about 27 percer' . 
Second, the local hydroGerr densiiy at this statim is considerably less than the axial average 

density. At station 22 crnd downstream the corrosion is  highest. Ths combined effect of these 

factors is to reduce :he worth of the accumulated h2drqen. Thus 23k ptcbc . ly reprsents 

an upper limit. The calculation i s  ssmmarlzed h Table 7-18. 

c. 

In summow, :he discrepant 28.6k seems to be reasonably well  explained by the 

accumulation of propellant in thz corroded areas. 

7.5.2.3 Comparison of KIWI 8-4E# F"OEBlJS :A, NRX-A3 and NRX/EST 
Reactivity Lost itate Information 

- 
Analysis of the reactivity loss rata experienced by KIWI B 4 E ,  

PHOEBtIS lA, NRX-A3 and NRX/EST wcs performed io determine whother any significant 

differences in the ;orrotion rates existed. Data fer tflis andisis was determined in o mclnmr 

similar to that discussd ubove. The results cf this arlalysis ..re shown in Figure 7-3 1, 
2 

reproduced here fran WANL-TNR-2 16. 

It was found that nc significcrn! Lifierence in reactivity loss r:te cotlld be dis- 

tinguished In the Pt-!OEBbS IA, NRX-A3 c.qd NRX/'EST power tests. Although the KIWI 8-4E 

appeared to hove o dit$erent rate of loss, th:s particular analysis is  not ,tt-sidered to have 

great validity, as substantial analytical cdjwtments were made in the interpretation (tne 

urcorrccred trend of reactivity L hange in KIWI 6- 1E actual!y showed or anolnalous increcae 

in the early part of the power wia). 

1 See Chapter 6. 

2 WANL-TNR-2 16, "NkX/EST Reactor Test Analysis Report", 12/66. 
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7.52.4 fonclus'lorrr 

*e tohl reactivity IOU in the NRX-A5 tat series WOI 2.365, a s  

calculoted fFom the dieerence in ombient critical posit-oca at the stort ond end of the series. 

The voriot'hn of the laas with t'he wol found to be an increasing 

expoFential, os in the NRWEST test: 

b e  (d = 5.7 (e* (V8.23) - 1.0) 

where f is ;r, minutes. 

The 5QL' d'rserepency m EP-IV between the opporent reoctivity Ica 

from h e  criticol pit ions ot power and that inferred from the pc md *-test criticols 

is tentatively exploined (IS the twit of hydrogen accumrlation in the corded meas md 

hydrogen diffusim into the natuiol p e s  of the fuel in he early stuges of the test, 



7.6 NUCLEAR ANALYSIS OF POWER RUNS 

The two power tesk performed during the NRX- f i  test series provided little new 

opporhnity to evoluote the anc'ytical fccdbock rmctivity model.' Thb opporbnity hod kar 

provided in obundonce by the NRX/EST test pmgmm, in which r e c t i v i t y  was mce~rred over 

a hood span of reactor opemting p w a  and flow conditions. This permitted <II empkical 

reactivity equation to be derived by a least squares linecr fit to the NiIX/EST &ta in terms 

of two parcmeters, chamber temperature T and (P ,..T ), the ratio of chanbrr pressure to 

chanber temperature, which i s  appoximotely proportiorml ta propellcmt density. For 

convmience, this map has been reproduced in Figure 7-22. The equot'hn derived f a  the net 

reoctivity chonge from ambient to any operating point is as follows: 

C c c  

The analyses of the two cold-to-hot swings in EP-Ill and EP-IV have been mentimed briefly 

above in Section 7.3.5. A summary of these calculat'lorra is mown in Toblc 7-19. The upper 

part of the table shows the reoctsity swing os colculoted by the q i r i c o l  cquotion. A 

correction for delayed neutron pecunor non-equilibium 5os Lw inclcded m the "Total 

Calculated Reoctivitj Change" shown in the last column. In the lower half of the table, the 

measured charge in drum posit-rn is shown and is converted to reactivity cm the basis of two 

differmt drum v n s .  Using the reoctivity based on !he 8.25 drum span, the difference between 

the rneosurement and the calculution ranges from 2-76 to -3.W. 

difference can be determined by considering (1) the uncertainties in the empii ical fit and (2) 

the unknown but probobiy substantial uncertainties inherent in the non-equilibrium correction 

and in our understanding of the fluid flow differences between the NRX-A5 and NRWEST 

reactors with regard to feedback reactivity. 

The significaree of this 

One of these factors may be readily calculated. The k? estimate of the one s g m a  

oncertointy in the empirical fit is  + 7.2*, with a 98 percent confidence range from 5.226 io 

1 P.pper,dix A 
- 
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11.63#. Thus, from this viewpoint alone the differences quoted above are insignificmt and 

the NRX-85 r-tiwity feedbock 'n w ~ I  represented by the N R X / E S f  empirical model, 



8.1 S U W Y  

During the testing of the Mi(-& reactor, a dosimetry program wos carried out 

which resulted in the measurement of g a m  my dose rates, fat neutron fluxes ( E > 2  9 Mev) 

and t b l  r ? ~ u t m  fluxes (E~0.1 w)at 57 locations oroIllKj the facility. 

Since the WX-AS reactor test corJigumtion -ms very simiiar to the NIX-& reactor the 

philosophy of the As Qrimetry program was to obtain doto which would fill in the gaps 

and arcos of uncertainty in gommo and neutron dota measured during the NRX-A2, MIX-A3, 

and W / E S T  reactor tests in an effort to undeetand more thorougtdy the mdiation potterns 

around the M X  test facility. 

The MX/EST reactor was operated in a different facility environment than 

either the WX-A2, NRX-A3, OT NRX-AS. The moin differences were in the privy roof 

mounted shield and direct component shield which were used to protect engine components 

mounted on the test cor &ring the MX-A4 tats. 

MX-A4 which should hove ?he same radiation environment 05 the WX-AS; where this i s  

the case, the N R X / E S t  doto urn included ir! comporisons. 

However, t h r e  are areas around the 

Based on the NRX-A2 through NRX-AS dosimetry test dotat along with 

calculations where needed, typical radiation pottems around an NRX reactor in lest Cell "A" 

were determined fbte doto are presented in forms of iso-flux cmtourt for fast nt?Utrom# 

iso-dose rate cmtours for gamma mys, and iso-heating rate contours for rcdiotion heating 

in  aluminum. 

h P ! r e m e n t s  obtained during the NRX-As reactor test induded: fast neutron 

fluxes ( b 2 . 9  h v ) ,  thermal nr Won fluxes (E<0.4evI p n m o  my @me rota, and 

calorimetric heating rctes. 

*&jot contributors to this chapter were M. A. Capo and R, N. Nassano 

**Superscripted numbers in this chapter are keyed to References l isted in paragraph 8.10. 



Fast neutron fluxes ( 0 2 . 9  A b )  were obtained using sulfur pellets. These dota 

were in good agreement with similar data obtained during the previous reactor tests. 

Then01 neutron fluxes ( k 0 . 4 ~ )  were also mecsured using bore and cobnium 

covered gold foils. These dota were generally in good agreement with previous test data 

where comparisons am valid. 

Gomma my dose mtes were measured Jsing thermoluminescent detectors and 

silver metaphosphate gloss detectors. At looations close to the reoctar, i. e. up to five 

feet from the center of the core, the WT,X-AS m e a r u ~ t s  were in r d l e  ogreement 

with previwly measured g a m  my h e  rates. In general, the g a m  ray dota obtained at 

greater distances were found to be less rel'hble t'n thot obtained fmm the earlier reactor 

tests. This can be attritded to tbe uncertainties in the high g a m  my bazkgtound at the 

test facility from the testing of previous reactors. 

Six calorimeters (four ahminum, one beryllium and one steel) v. -?re tested during 

the NRX-AS high power runs. These calorimeters were of a slightly different design than 

calorimeters used in the previous NRX reactor tests. Essentially, the design changes improved 

the calorimeters from a mechanical standpoint but s!ightly degraded the calorimeters from a 

thermal standpoint. The deficiencies in  the NRX-N calorinater design are being corrected 

for those calorimeters to be used during the NRX-A6 reactor test. 

I 
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0.2 EXPERIMENTA 1 PROGRAM 

An experimental radiation meosuiement program was carried out in conjunction 

with the M X - M  reoctor test. The objectives of the NRX-AS radiation measurements 

program were: (1) to resolve discrepcncies observed in the experimental data obtained 

during the NRX-A2, NRX-A3, and NRX/EST reactor tests, (2) to determine the radiation 

environment at Ioca:iom that were not covered during previous reactor tests, a d  (3j to 

gain a better understanding berween calculated and measured data. 

Radiation measurements were made during the low power reactor runs, €PI and 

EPII. Independent determination of the total power generuted during these runs was 

necessary to nomalize the dosimetry dato to a one watt power level. The integrated power 

levels for €PI and EP4I os reported by the test site (Reference 1) are 5.3 x 10 and 

6.1 x 10 watt-seconds, respectively. 

6 
7 

The dosimetry program employed in the NRX-A5 test was oi the passive or 

integral type. Two types of gamma my dosimeters were used: silver metaphasphote y k  

plates and Li-7 fluoride thermoluminescent detectors. Cold foils were exposed with and 

without cadmium covers to obtain thermal neutron fluxes. Sulfur pellets provided neutron 

fluxes for an energy threshold of 2.9 Mev. 

Table 8-1 presnts the following data for eoch NRX-A5 dosimeter placement: 

identification number, station (inches), radius (inches), and reactor azimuth angle (cylindrical 

coordinate system). Reactor stations specify the axial distances in inches from the inlet end 

of the reactor core. Positive numbered stations are located toward the nozzle end of the 

core. Reactor 8 i s  the core azimuth angle defined such that 0 =Oo. It is  located 120' from 

the normal to the test cell wall (measured counterclockwise, looking down). 

Figure 8-1 i s  a sketch of the reactor assembly and associated facility shielding 

showing the location of some 35 detector points. A l l  of tt,: h t a  points shown in Figure 8-1 

are considered to be in  a plane cadaining the reactor axis 

In addition, fourteen dosimeter packets were positioned on the dosimeter pole which was 

mounted on top of the privy roof shield. 

normal to the reactat wall, 
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figure 8-2 shows a view o i  the test cell wall and the locations of the 6 points at 

which dosimetry data were obtained during the NRX-M power runs. figure 8-3 shows the 

location of dosimeters oil the test cell pad. 



TABLE 8-1 

LOCATION OF NRX-AS DOSIMETRY 

h i r m  Polr 
(Shorn In Fig- 6-1) 

lrollcy Lire 

rclr Crll W d t  
f k e  Figurc 6-2) 

Trit Ccll Pod 
(See Foywr 8-31 

N 
N 

N F  
NF 

I D  
1D 
18 
1D 
18 
10 

P 
P 

C A  
C A  
C A  
C I  
C A  
C I  
C A  
C A  

C 
C 
C 
C 

IP 
IP 
ID 

DP 
DV 
3P 
DP 
9P 
DP 
DP 
DJ 
DF 
DF 
DP 
Do 
DP 
DP 

11 
11 
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Figure 8-1. CIOQS Sectional View of NRX-A5 Showing h imeter  hotions 
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test c e l l  woll into 

multiple scotter Q-, weas useci to compute the s a a t t d  gonrno my levels undcr the 

privy d. 

shodovv of the roof. Progmm SAP, (Reference 8) which incorQomtes 

Thy mltul tiorol techniques for cjetennining fast neutron fluxes with energy 

E>Z9 k v  a p l y  tke pint kernel method (PfaS(0m 14-0) using c a h  manents doto for all 

doto poi- nat :n the shodow d the privy roof. In the shodow of the roof wherescot ted  

Wr~ra coratm%.:@t tr, ! W ~ F  portie rf *tu f!ra level, ?he U P  cock which incorporota 

o concrete b a b e d o  is dtoca!cuktethescottcrcd amponmt ofthe fast neutron flw. 

The Rcthod is kP-:rjbca fully in Reference 4. 



8.4 GAMAAA RAY OOSE RATE OATA 

G a m  my rote meoIurements were obtained at 53 locoti- artside the 

MU(-& reactor. The measured dota are cornpored with colculated data for coch detector 

point in Table 8-2 
Fo&ntgem include the bockground rodiotion f . m  the test cell w d l  and pod 

mdiotion is the r e s i h l  activity rewlting from previous metor tats,) Most of t k  dosimeter 

packets were otpoad for a priod of three weeks prior to EP-I and were not TeRy)ved from the 

test cell until two week following the EP-II run. oko ut& 

for the thret-week period prior to EP-I. 

to dosimeter lmiom CA-5, CA-6; IP-I, TBd, and SP-2 (kc Figure 8-1). Most d the 

background dots given in Column 3 of Tdle 8-2 are boKd on the data mear~rtd with thcst 

five background pockets. Heal th  Physics gamma activity surveys (Reference 12) were -de 

rn the tcpt pod bring thc time interval beturn the bRX/EST ond NRX-AS tats. 

these surveys were used to estirnote the bockground for several of the detector locations 

given in Table 8-2 
the background is cotimoted. 

dtmct ing the bockground from the meusured dose and then dividing the result by 18,370 

mtt-harrs. 

The t-l gonuno my dorc given in column two d Table 8-2 in units of 

(This krckgmnd 

Five backgmnd pock- 

These bockground pockets were lacuted very close 

aDta from 

included in Column 3 of Table 8-2 is  the source of infornrotion on which 

The gommr my ckse rates given in Table 8-2 were obtained by 

As nated in Table 8-2, both s i lver  metaphasphate g k  (SG) and thermoluminescent 

deteeton (TLD) were employed. In general, the TLD dots are lwei  thon the SG Qta, and 

the calculated dota are in closer ogreenmt with the TU) data thon with the SG doto. 

Ooto given in Table 8-2 are presented grophieolly in Figures 8-5 through 8-13 

for mart detector points. Experimental &ta from other reactor tests (References 9,10, 11) 

are included (where applicable) on these figures. Each figure is  discussed in the sections 

belw. 
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TABLE 8-2 

COMPARISON Of EXERIMENTAL WITH CALCULATED 
NRX-AS GAMMA RAY DOSE RATE DATA 
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bcperirnenta: gcmr, my dase mtes & t o i d  &ring low power tests of NRX-A2, 

NRX-A3, and W-A$ rwctorz on an axial traverse at the surface of the pressure vessel 

a n  pesented in figure 8-5 os a tunction of reactor station. 

G ~ C  some experimental Qto obtained from the PAX-C reoctor (a critical mockup similar 

to tke W - A 3  reoctot). The solid c u m  shown in figure 8-5 wos calculated using point 

kernel pgmm 144. 

Also included in  Figure 8-5 

Figure 8-5 shows a signif icant spread in the experhento1 data. 

m u r e m e n t s  shown in the figure, t h e  are i.r good agreement with the A3 and PAX 

-ts. On the midplane, however, the A5 measured doto a-r to be too high. 

Them ore two recrronr why the Ag dota are high, both concerned with the mounting of the 

derectors. The earlier detecton (i. e. , NRX-A2 and NRX-A3) were mounted on the vessel 

on aluminum bonds in such a fashion that the A2 and A3 detecton "saw" &ut 1/4 inch 

mote aluminum than did the A5 detecton which were mounted directly on the vessel. Also, 

the mounting bonQ for the A2 and A3 detector were not in direct contact with the vessel 

but were poritioned so that the A2 and .43 detectors were actually at a distance of about 

one .Id a half inches from +he vessel. Calculations indicate that the attenuotion factor 

for the O<I. 1/4 inch aluminum i s  about 0.92 and the attenuotion factor due to the 

additional 1.5 inch distance from the reactor is  0.91. The combination of these factors 

indicates that the MX-AS data on the vessel at the midplane should be &out 20 percent 

higher tn .-I the A2 or A3 data. 

Of tb six A5 

If the A2 and A3 data shown in Figure 8-5 would be adjusted by this amocnt, 

then there would be better agreement with the NRX-As results. The A2 data are observed to 

be consistently lower than ony other set of measured data on the pressure vessel surface. 

The calculated gamma my dose rates are in good agreement with the PAX and A3 

However, because of the spread in the various experimental data, the gomma ray dose doto. 

rate along the surface of the pressure vessel cannot be defined more accurately than by o 

factor of two. 
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Figure 8-5. Axial Distribution of the Gamma Ray Dose Rate on the 
Surface of the Pressure Vessal 
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8.4.2 h imeter  Pole 

NBX-A5 maured and caicuiated gamma roy dose rates ot locations on the 

dosimeter pole are shown in Figure 8-6 as a function of reOttor station. 

is a vertical pole mounted on the privy rcof ot o distance of 47 inches from the core onis 

and at o reactor angle (0) of 323 degrees. A dosimeter pole wos not employed during previous 

reactor tests. 

employed in previous reactor tests, are included for ccmparison in Figure 8-6. Again, it i s  

noted thot the A2 dot3 are generally lower than the other measured data. The A5 data are 

in reasonable agreement with the meridian ring data. 

from 6 to 40 percent lower than the A5 measurements. 

The dosimeter pole 

However, dota froin interpolations of meoiurements on the meridian rirg, 

The point kernel calculations range 

8.4.3 Radial Midplane 

Comparison of experimental and calculated gamma my dose rates os o function of 

radial distance from the reactor in the core midplane (Station 26) is  shown in Figure 8-7. T k  

A5 measurements were made ot 25,62.5, and 300 feet from the center of the core on the 

midplane in order to extend the radial traverse to distances further from the reactor than 

previously measured with the other NRX reactors. At the 25 and 62.5 feet locotiom, where 

doto are available from other reactor tests, the A-5 data are slightly higher, but are within 

the occrirocy of the measurements. The calculated curve, which was obtained using the 

point kernel code 14-0, i s  in good agreement with the measurements. One data point 

obtcined during high power (opproximotely 1100 MW) i s  included in Figure 8-7. No 

measurable difference i s  apparent, witkir! the accumcy of the present data, between 

normalized power data measured ot high power from that measured ot low power. 

8.4.4 fop of the Privy Roof Shield 

Measured and cGiculated gommG my dose rates ore plotted in Figure 8-8 cas o 

function of radial distance on the top surface of the privy roof. The measured gomma my 

dose rate ranges from 0.02 to 0.07 R/hr watt on the surface of the roof. The AS data are 

8-15 



higher than, and the A2 data lower than, the A3 measured dato, os was observed on the 

surface of the pressure vessel and 01) the radial traverse. Within each specific reactor test, 

the doto ore generally flat as a function of radial location, i. e. , there is less than a 

50 percent increase from the center to the edge of the roof. The point kernel calculations 

are in good ogreement with the A3 meosurements. The a m  between the privy roof and 

the reactor is very congested with hardware. The MX-& also has the INlS neutronic 

detector system located in this area. It is not unsual then, considering the local effects 

on radiation produced by hardware on the rc~f, that there is a coMldemble spread in the 

doto. Glculotiom include effects of the privy roof, but do not include effects due to a l l  

the hardwore between the roof and reactor. 

8.4.5 Test Car 

Gamma my dose rates were measured at various locations on the test car (see 

Figure 8-1 for detector locations). A horizontal traverse, shown in  Figure 8-9 extended 

approximately the length of the test car at an elevation of about 11 feet below the center of 

the core (station - 108). With the exception of location TB-4 (Figure 8-91, the M X - &  

data fall within the range of previously measured data. The measurement at TB-4 i s  about 

a factor of two higher than meosurements taken at the same location for the earlier NRX 

tests. This discreponcy is not understood at this time. 

With the exception of location TB-4, measured data at specific locations ore 

self-consistent to within a factor of two. This reproducibility of experimental dato i s  better 

than might be expected in view of the complexity of the geometry of the test car and 

associated hardware. The calculations (which are explained in detail in  Reference 10) 

are in reasonable agreement with the bulk of the rata. 

Included in Figure 8-9 are several data poirts which were obtained during high 

power (approximately 1100 MW) operation. No significant differeeces between normalized 

(on a per watt basis) high power and low power data can be observed. 

1 
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Figure 8-6. Garnma Roy Dose Rote Distribution on the Dosimeter Pole 
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8.46 Test GI1 Wali 

Figurt 8-10 presents a horizarttol t-se in :! e core midpknc m :he tat cell 

wall. Figure 8-11 presents a verticol t r o v e  on the wall 5 feet north of the numrl 

projection of the core center. 

ond 8-11, it i s  inwncdhtcly obvi- t b t  the A5 measurcd p m o  my doK rote  OR 

significantly high- than any previous mca~urcmmts. why the A5 

dato ore conriderably (&ut c factor of thee) hia)nr tirat. the A3 &tu: (1) & to the 

oddition of o test cell mrll hcot shield, the detecton were positioned 1 to 2 feet closcr to 

thc reoctor h n  for the A3 test; (2) the bockground mdiotion Ievek given in T j b k  8-2 

for &kcton TOV 1 h m g h  TLW 6 were based on mcaurrec! bockground ievek or location 

(34-6 because no bockground levels were measured on the woll. 

6 feet fmm the wall. Although thm! were some meas~nments of the tet cell activity mode 

prior to the E-5 tars (Reference 12) these Qto could not be incorporated in the analysis 

since the surveys did not include doto point locotions on the woll ony ne~m than locotion 

ad. If +he umll itself is the important boclrground rodiotion source, it i s  obvious thot 

u6ng the background level at C A d  is an underestimate of the bockground level in the wall. 

Hence, the radiation levels for the TCW detecton given in Table 8-2 and Figures 8-10 and 

8-1 1 are too high, 

(See Figure 8-2 for detector locations,) F m  F'lgurcr 8-10 

h r e  CR twa 

&ion CA-6 i &out 

C a I c u l o t i ~  of the effect of detector location change from A3 to AS (iten 1 

above! indicote that the AS doh should be abart 30 percent higher than the 43 doh. 

Consequently, it is believed that the discrepency betweer! the As and the A3 gommo my 

dose rote Qta on the test cell mll is  due to an underestimate of the bockground radiation 

level on the wall for NRX-&. 

8.4.7 Test Cell Pod 

Four detectors were exposed 3n the test cell pod during the AS tat. The detecton 

P o  gomma roy dose were located at positions not instrumented during previous reactor tests. 



W- 3 - 

At iocatiom close to the reactor, ?!te WX-AS g z m m  my dore rota were in 

r e c s d l e  ogre?ment with prrvicus!~ measured Qta. 

5 feet fmm the reactor, the gmmu~ MY measurements A t a i d  during the WX-A5 w a e  nat 

us relicble os similar type of d m  obtained during previous reactor tests and we- hi- 

than previous meosaments. 

in the test cell "A" o m  fm previous reactor tests. Although five himetem were expod 

for three weeks pi07 to the test in an effort to obtained background correction doto, 

apparently these dota were not sbfficient to define the variation of the bockground mdaticw 

throughout the facility. 

surveys made on the p d  prlor tc the A5 tests adequate to determine the bockground. Also, 

pire power integral (18,370 watt-hours) was nor high enwgh to provide doses at mtiM 

Holrrtver, ot distances fu r tk  than 

%is discrepancy is probably due to the high ruiduol octivity 

N o r  were the data obtained from the Health Physics activity 

8-22 



0 IO 20 30 40 u) 60 

DISTANCE NORTH OF REACTOR - FEET 611615-1(# 
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locations thot were much higher than the background count. 

detectors located in the shodow of the privy roof.) Therefore, the A5 gomma my measurements 

did not -educe the uncertaintie in the experimental dota at many locztians obtained during 

the preirious reactor tests. 

(Specifically, this applies to 

At most locations around the NRX facil ity, a scatter of a h *  a fcctor of two can 

fhe calculations genemlly be observed in the measured (AZ, A3, and A5) g a m  my doto. 
fall within the spread of the experimental data. The calculated dose rote given in this 

report are based on :hade pviausly published in reference 10. It should be pointed out 

that the calculati-I techniques are semi-empirical for certain data. 

highly shielded areas, such m in the shadow of the privy roof; a significant source of gomm 

radiation i s  the (n,r) reaction. This reaction OCCUR when neutrons are captured by materials 

and emit high energy gmum mys. Therefore, in order to calculate gamma my dose mttT from 

mdioticm sources under the roof, a knowledge of the neutron flux i s  required. At pesent 

WANL hor no technique for computing the neutron flux in the them1 energy mnge at 

lorotions such os under the privy roof. Consequently meosured thermal neutron fluxes 

frwn earlier reactor tests were used to calculate the gommo 5ources for the test c a r  and 

ossocioted hardware. These sources contribute mort d the dose mte at locotions in the 

shadow of the privy d. 

Specifically, in 
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W- o w  
0.5 FAST NEUTRON FWX DATA (b2 .9  Mer) 

Fast neutron (E>2.9 Mer) fluxes were measured with sulfur pellets at 53 locutions 

outside the WX-As reactor. The measured doto are compared with calculated data for 

each detector point in Table 8-3. 

hta given in Table 8-3 are p e n t e d  gmphically in Figures 8-14 through 8-22 

for mt detector points. Experimental data from previous reactor tests (References 9810, 11) 

are included (where applicable) OA Figures 8-14 through 8-22. 

in the followifig sectiom 

Each figure is discussed indetail 

8.5.1 ~tesrure Vessel Surfoce 

Experimental fast neutron fluxes obtained during low p e r  tests of NRX-A2, 

NRX-A3, and NRX-As reactors on an axial tmnsverse at the surface of the pressure vessel 

are given in Figure 8-14 as o function Df reactor station. AIS> included in Figure 8-14 are 

~ome high power NBX-A3 dota obtained with nickel foils. 

The low p e r  experimental data with the exception of the A5 data pobt at 

station 26 appear to be in good cagreement from onc .axtor to another. The three A5 &tu 

points are a l l  somewhat higher than p evious reactor tests indicate. Although the As 
design i s  slightly different than the A2 and A3 designs, calculations do not indicate that 

the fast neutron fluxes for A5 should be that much higher h n  !or A2 or A3 as the meosurements 

show. N\easurements show about a 50 percent higher flux for the A5 data. 
discrepancy can be expbined by the differences in detector mounting configurntion. The 

A5 detecton were mounted directly on this vessel while the A2 and A3 detectors were 

mounted on aluminum bonds such that the detectors were about 1.5 inches from the vessel 

and there was about 0.25 inches of ahminum between the reactor and the detectors. 

Calculations incorporating these differences indicate that the A5 date should be about 16 

percent higher than the A2 or A3 data. 

Part of this 

= *-‘LLL.-- 
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TABLE 8-3 

COMPARISON OF EXPERIMENTAL WITH CALCULATED NRX-& 
FAST NEUTRON FLUX (E>2.9 Mev) DATA 

2 
Neutron Flux (EX.9 h) (n/cm -sec-watt) 

AAeoutred 
Dosimeter Sulfur Doto 6 Icu la red Ratio of 

Identification (EP I and II) oota Nleosured/CoIculoted 

N 1 
N 2  

NF 1 
NF 2 

l 8 1  
T B 2  
l a 3  
T B 4  
T B 5  
T B b  

P 1 
P 2 

a 1  
c A 2  
c A 3  
c A 4  
C A S  
c A 6  
c A 7  
C A 8  

C 1 
C 2 
C 4 
C 5 

2.7 (3) 2.2 (3) 
5.3 (3) 2.2 (3) 

5.2 (3) 3.8 (3) 
3.2 (3) 3.8 (3) 

5.8 (0) 8.2 (0) 
2.3 (0) 7.5 (0) 
2.8 (0) 7.5 (0) 
3.6 (1) 4.0 (1 j 
4.9 (0) 8.0 (0) 
3.6 (0) 7.5 (0) 

2.3 (2) 2.4 (2) 
2.9 (2) 2.4 (2) 

2.1 (1) 
2.9 (1) 
7.3 (1) 
1.9 (2) 
1.5 (1) 
2.4 (1) 
5.6 (1) 
1.7 !2) 

2.7 (1) 
6.9 (1) 
8.8 (1) 
9.8 (1) 
2.4 (1) 
2.8 (1) 
1.1 (2) 
2.2 (2) 

9.7 (1) 7.1 (1) 
8.0 (2) 1.7 (3) 
2.3 (2) 2.4 (2) 
3.8 (2) 2.8 (2) 

1.2 
2.4 

I. 4 
0.85 

0.71 
0.31 
0.37 
0.89 
9.61 
0.4% 

0.96 
1.2 

0.78 
0.42 
0.83 
1.9 
0.63 
0.86 
0.51 
0.77 

1.4 
0.47 
0.95 
1.3 
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TABLE 8-3 (Continued) 

Dorimeter 
I dent i f  icat ion 

1P 1 
I P  2 
IP  3 

DP 1 
DP 2 
DP 3 
DP 4 
DP 5 
DP 6 
DP 7 
DP 8 
DP 9 
DP 10 
DP 11 
DP 12 
DP 13 
DP 14 

TCw 1 
TCW 3 
TCW 4 
TCW 5 
T O N  6 

TP 1 
TP 2 
TP 3 
TP 4 

sw 1 
sw 2 
SPV 3 

SO 1 

2 
Neutron Flux (E>2,9 h) (n/cm -see-watt) 

Measured 
Sulfur Oat0 Calculated Ratio of 

(EP I and 11) Dot0 Meosured/co I cu la t ed 

6.1 (0) 
5.2 (0) 
3.4 (0) 

3.9 (2) 
7.8 (2) 
1.4 (3) 
1.8 (3) 
2.0 (3) 
2.4 (3) 
3.2 \d) 
3. 1 (3) 
2.3 (3; 
1.8 (3) 
1.9 (3) 
1.6 (3) 
1.5 (3) 
1.4 (3) 

1.8 (1) 
3.2 !21 
2.9 (2) 
1.7 (2) 
7.8 (1) 

I 1.1 (1) 
1.2 (1) 
7.5 (0) 

4.4 (2) 
7.4 (2) 
1.2 (3) 
1.4 (3) 
1.4 (3) 
1.7 (3) 
2.7 (3) 
2.5 (3) 

1.3 (3) 
1.7 (3) 

1.4 (3) 
1.4 (3) 
1.3 (3) 
1.2 (3) 

I 1.2 (1) 
I 2.5 (2) 
I 2.2 (2) 
I 1.3 (2) 
I 6.0 (1) 

3.2 (1) 2.2 (1) 
1.6 (1) 1.1 (1) 
4.2 (1) 3.2 (1) 
1.9 (1) 1.6 (1) 

3.3 (3) 2.9 (3) 
1.1 (4) 7.2 (3) 
3.9 (3) 2.4 (3) 

0.55 
0.43 
0.45 

0.89 
1.1 
1.2 
1.3 
1.4 
1.4 
1.2 
1.2 
1.3 
I .  4 
1.4 
1.1 
1.2 
1.2 

1.5 
1.3 
1.3 
1.3 
1.3 

1.5 
1.5 
1.3 
1.2 

1.1 
1.5 
1.6 

1.7 (3) 1.3 (3) 1.3 
,- - - - m  
2- . m r w ~  
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A definite trend can be observed between the his4 and low power nickel data for 

NRX-A3 indicating that at high pever with coolant in the reactor, !he fast flux per unit 

power is reduced. The extent of this redgctio.1 i s  difficult to determine due to the 

uncertainty associated with the measured data. 

Calculations (described in Reference 10) which were performed fcr high power 

conditions are in good agreement with the measured data. These calculations used the 

point kernel technique with carbon mommts data for the neutron spectra. 

8.5.2 Dosimeter Pole 

NRX-A5 measured and calculated fast neutron flux (EB2.9 Mev) at locotions 

on the dosimeter pole are shown in  Figure 8-15 as a function of wx tor  station. The 

dosimeter p l e  is a vertical pole mounted on the privy roof at reactor angle (0) equal to 

323 degrees and 47 inches from the reactor oxis. The dosimeter pole was net used in  earlier 

reactor tests. However, data from interpolations of measurements on the meridian ring 

used in  previaus reactor tests are included for comparison in  Figure 8-15. The NRX-A5 

data are somewhat higher than data from other reactors. This trend was also noted for the 

data on the pressure vessel surface. The point kernel carbon moments data calculations 

agree we!! "shape" with the measvrements and are generally lower. The maximum 

difference between calculations and measurements i s  only 40 percent. 

8.5.3 Top of the Privy Roof Shield 

Measured and calculated fast neutron f!uxes are plotted in Figure 8-16 as a 

function of radial distance from the core axis on the top surface of the privy rcof. A factor 

of two spread in low power sulfur data (As versus A3) is  observed on the centerline. It i s  

difficult to determine from the experimental data whether or not the fast flux increases as 

a function of radial position as indicated by calculaticns. The calculated data (point 

kernel carbon moments data) are in good agreement with the A5measurements 
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Figure €!-15. Fast Neutron Flux (E > 2.9 MeV) Distribution on the Cosimeter Pole 
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k t  na,tmn fluxes were mcc~urcdat voii- loccrtions an the test cw (see 

F i r e  8-1 fa *tor locations). A hairoator hovcIK, rhom in F i i  8-17, artendr 
oprwrp<i.rlotely the length %a the ta t  -rat on alcvotion doban 11 feet k ! o w  t), nntcr 

of the core Gtot;an-IOB), The AS oulfur &W ioll within the range of the pewiaaly mtrwrrcd 

dots exc- at locatiar CAI, whue the ASurlfur dota ksamt-ihot h-*. At00mc Iwionr 

on the test car, a rpeod ofa foctcrof 4 a  5 is ~~EUVUI in the mQQpurcd &to. No 

correlation between Icm and h’+ power flux per unit power a n  be wed siilCe the s u h r  

h i i  pcmerdoto is generally higher 

true Cathc nickel data. 

os the experimental doto. 

thesulfur iow powefQt0, *maaathecyantite is 

The colcukt~d dota (RcfiMncc IO) h a b a n  t h t n r m ~ ~ w  

F ipm 8-18 shows a ~ ~ O ~ C I K  Or masured and ~alcubtcd fort flux in thc 

privy, 

The arlculotcd jata ore in d l c  ogmemmt with the m a ~ ~ ~ r c m c n t )  considering the 

complexity of the 
of 2 higher thon the bulk of the doto in this ora). The predictions, described in Reference 10, 

Tht A5 nrecrrurement~ are in tummdk qmement with the p i o u s  raxtar test doto. 

involved. However, the predicted fluxes are o much os a factor 
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Figure 8-17, Fast Neutron Flux (E>2.9 Mev) Distribution d e r  the Privy 
Roof (Horizontal Traverse-Statim-108) 
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Figure 8-18. Fast Neuhwl Flux (E >2.9 MeV) Distribution on the Reoctor 
Axis  under the Privy Roof 
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hove os the chid component neutrons which scatter from the vvoll or pod into the area under 

the roof. The calculations do not take into occount the attenuation of neutrons by the test 

car or privy and associated structure which pobobly is the moin 

aie higher thor. mecr~urerments in this OW. 

why the calcubtiom 

8.5.5 T a t  GI1 Wail 

Figure 8-19 presents a horizontal traveroe in the core midplane on the test cell 

wall. 

projection of the core center. (See Figure 8-2 for detector locations.) In h e  horizontal 

trovefie on the test cell wall, previous measurements were awilable only ovt to a diitonce 

of 20 feet north of the core. The A5 cneosvrement ai TCW-1 extended the imvene out i o  

60 feet north of the reactor. The A5 measured data s h - n  in the verticol t- in 

Figure 8-20 a n  in excellent clpernent with previous measutements which lend COnCidence 

to the data at 60 feet on the horizontal trwerse. The calculated data (wefwence 10) for 

both the horizontal and vertical traverses agree very well both in h p e  and mognitwk with 

the measuments. 

Figure 8-20 presents a iertical travene on the wall 5 f a t  north of the normal 

8.5.6 k t  Cell Pod 

Four detectors were exposed on the test cell pod at locotions not covered br ing 

prewious reactor tests. The fist neutron fiuxes are presented in Figures 8-21 a d  8-22 

oiong with previous reactor test data. Figure 8-21 is  o traverse on the PQd 3 feet fiom the 

woll and porallel io the woll, extending to 60 feet north of the core. Figure 8-22 i s  o 

traverse on the pod normal to the wall, 5 feet north of the reactof, extending to a distance 

of about 60 feet from the wall. The A5 measured data appeor to b t  reoMnable with respect 

to the previous mecrclrd &to and with calculation results. The A3 low power sulfur fluxes 

per unit power on the pad (Figure 8-22) ore higher thon the high power sulfur &tu, which 

conflict wi th the observation of similar dota on the test car (Figure 8-17). The colculoted 

data (Reference 10) agree to within a factor of 2 with the measurements. 
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Figure 8-?9. Fort Neutron Flux (E >2.9 Mev) Distribution on the Test Cell 
Wall (Horizontal Traverse in the Core Midplane) 
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a5.7 

Tbe W - A S  fast neutron flux (D2 .9  MeV) measurements were in good agreement 

with previous mctor  mecrsurements. 

previaniy maaswed bring the other M I X  reactor tests. The Aj Qto extend the measured 

MtX fast -con environment on the tat cell wall f m  20 feet to 60 feet north d tk 

reactor. 

travenes wen both parollel and perpendicular to the test cell wall. 

In addition, A5 doto w 6 n  &mined in areas not 

Un the pod, p i o u s  fast flux trawecser were extended by about 30 feet. Theso 

Ihe spread in the experimental duta for three NRX reactors (A2, A3, and AS) 

was observed to be less thnn 50 p ;,nt excep at locotions in the shodow d the privy and on 

the top surfoce of h e  privy rod. On the surface of the r o o f  the spreod wos abart a factor of 

two. At locations in the shadow of the roof tke spread in the experimental dot0 was as much 

o a foctor of fire. These areas are very c w t e c i  Y ith har ivvare and the spread in the doto 

is p b d l y  caused by differences in detector location from onu reactor test to another d 

local perturbatia CQULed by crrsoc'hted hordwore in these areas. Neutron Itmeis in these 

are o b  relatively I- and ore b e d  on poorer coun?i% statistics. 

Wih the exception d the measured dota on the pressure vessel surioce it is not 

possible to estchlish any trend in fast neutron fluxes per unit power at high pcwer versus low 

pmmr conditions. 

neutron flux per unit pmver i s  somewhat higher for I- power conditions than for high power. 

On the pressure vesse: uIcfscre, the meo~~remec~ts id icate that the fost 

Glculationr of fast neutron flux (EX2.9 k v )  are within 50 percent of all 

mecrsurements mode at locations outside the shodow of the privy rod. One exception 

should be noted (Le., at locations on top of rhe privy roof where the d'kreponcy is as much 

os a factor of two). 

At locotiom within the shadow of the privy roof the calculations disagree with the 

measurements by as mwh as a foctor of four. However, for these latter coses where the 

dircreponcy between calculations and measurements i s  large, the calculations are consemotive. 

The calculations of neutrons which scatter off the wall and pod into there highly shielded 

ano l  do not account for attenuction by the test car, privy, or associated hardware which 

causer the calculations to be conservative. 
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TABLE 8 4  

NRX-AS THBRNIAL NEUTRON FLUX MEASUPENIENTS 
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0.6 THERMAL NEUTRON FLUX DATA (WO.4 ev) 

Bore and cadmium covered gold foils were oa?ased at 54 iocations outside the 

NRX-AS reactor. 

each detector location. The thermal neutron fluxes for (KO. 4 ev) are also included in the 

totlc, These data were obtained by subtracting the codmium covered foil &*a from the 

bare foil data, Also included at each location is the cadmium ratio which i s  defined as the 

mtio of the bore foil count rote to the cadmium covered foil count mte. The cadmium 

mtio indicates haw them01 the spectrum is--i. e., a high codmium ratio irrdicates a 

relatively high them1 flux. No calculated datu ate presented in Table 8-4 because, 

except at the surface of the pressure vessel, the analytical techniques employed here 

cannot be used to compute thermal fluxes in the complex geometries encountered ot the test 

focility. Measured thermal flux datu (bare minus Cd covered) from Table 8-4 are plotted 

gophically (where possible) in Figures 8-23 through 8-31 along with previous reoctor 

tgst doto. 

Table 8-4 gives both the measured bore and cadmium covered fluxes at 

8.6.1 Pressure Vessel Surfoce 

ttplerimentd therm1 natron flux data obtained during low power tests of NRX-A3 

and NRX-AS an on axial traverse a ?he surface of the pressure vessel are p-esented in 

Figure 8-23 os u function of reactor station. The A5 doto at detectors SP-2 and SP-3 are 

in good agreement with the A3 doto. The A5 data at SP-1 is roughly a factor of 2 lower than 

indicated by previous meowrements which is  prokbly due to poor statistics. 

The calculated doto shown in Figure 8-23 are in reasonable agreement with 

meorwed doto; the maximum deviation i s  45 percent on the reactor midplane. These 

calculations were obtained from an (r, z) transport code (TDC) run for room temperature 

conditions with an S a P P x i ~ t i ~ *  
6 



8.6.2 Dosimeter Pole 

NRX-A5 measured thermal neutron fluxes at locations on the dosimeter pole 

are plotted in Fiwre 8-24 of a function of reactor station. The dosimeter pole is a vertical 

pole mounted on the privy roof at a distance of 47 inches from the care axis at o reoctor 

angle (e) equal to 323 degrees. A dosimeter pole was not employed during previous 

reactor tests. However, data from interpolations of meowremenb on the meridian ring 

employed in previous rmcter ?e%, 5:s liicluded tar cornprison in Figure 8-24. The A5 

dah appeor to be somewhat lower tiran previous reactor data on the meridian ring. 

8.6.3 fop ot the Privy Roof Shield 

NRX-A5 and previously measured thermal neutron fluxes are plotted in Figure 8-25 

as a function of d i a l  distonce on the top surface of the privy roof. A spread of almost a 

factor of two is observed in the experimental data at several locations on top of the roof. 

No correlation i s  evident between high an4 low power thermal neutron fluxes on rl per unit 

power basis. 

0.6.4 Test Car 

Them'  neutron flux meosurements were made at various locations on the test 

car (see Figore 8-1 for detector locations). A horizontal traverse, shown in Figure 8-26, 

extended approximately the length of the test car at an elevation of about 11 feet below 

the! center of the core (station-108). The A5 measurements appear to be in god agreement 

with previously measured doto. A spread of about a factor of 1.5 is evident at most 

locations in this traverse. 

8.6.5 Under the Privy Roof 

A vertical traverse on the cote centerline under the privy roof is shown in 

Figure 8-27 as a function of reactor statiw. The NRX-A5 doto is  in very good agreement 

with previously measured data. The sprecd in al l  of the meosurements i s  about 70 percent. 



No trend is eviiey-:* between low and high power cluxes (on a per watt h i s )  at these locations. 

8.6.6 Test Cell Wall 

Figure 8-28 presents a horizontal traverse in the core midplane on the test cell 

woll. Previous reactor tests provided thermal neutron ttuxes only out to 22 feet nwth of the 

reactor on the wall. The A5 measurements extended the traverse out to 40 feet north of the 

reactor. The A5 data is in  excellent agreement with the A3 gold doto at detector locotion 

TCW-3. The maximum scatter in the dota from al l  reactors on this traverse i s  about 70 

percent. The three cobo!t data points measured during !.-e A3 high power test, are 

consistently higher on a per watt basis (by about 17 percent) than the A3 cohult data measured 

during the low power test. However, :ince this differenco ts withi:, the accuracy of the 

measurements, it is  not possible to co.iclude with certainty t;w t the change is  caused only 

by changes in reactor operating ccnditions. 

Figure 8-29 presents a vertical traverse of therm1 neutron fluxes 09 ihe test cell 

wall, 5 feet north of the normai projectioa of the core center. (See Figure 8-2 for derec;;i 

iocations.) The AS data are ii close agreement with :he A3 gold data. The scatter in *he 

data is similar to that previously observed in Figure 5-28 on the test cell wall. 

8.6.7 Test Cell Pad 

Four detector packets employing gold foils (with and without cadmium covers) 

were exposed on the test cel! pod during the AS recctor test. (See Figure 8-3 for deteztor 

ltions.) The detectors were located at positions qot covered during previous ilsactor 

tests. The A5 meosurernents are given in Figdres 8-30 and 8-31 along with previous reactor 

tee; data. Figure 8-30 i s  a traverse on the pad 3 fee, from the wa'l and parallel to the 

wall, extending to M feet north of the core. (Unfortunately, the data for location TP-2 

was lost ad,  hence. is not shown in this traverse.) Figure 8-31 is  a traverse on the pad, 

normoi to the wall, 5 feet north of the reactor, extending to a distance of cbout 60 feet 

from the wall. The maximum scatter In the low power measured data is 50 percent. The 
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A3 cobalt doto metsurd during the high pwer  test are genemlly higher thon any of the low 

power Qta, but no d i d  conclusion cm be reoched since no cobalt measurements wetc mode 

during the low power A3 test. 

0.6.0 Summay 

Gold foil measurement of therrml neutron fluxes (EeO.4 ev) obtained during low 

power testing of NRX-AS are in good agreement with doh obtained during the NRX-A2 and 

NCX-A3 reactor tests. Considering data from a!l three reactors, the scatter in dab is 

within o factcr of two. This is good agreement considering thot three types of foil (gold, 

copper, and cobalt) were used. There is better correlation between reactors for thermal 

neutron flux doto than for e i tkr  gomma ray &to or fast neutron data. Similar to gamma 

my and fast neutron data, i t  is not possible to see any differences on a per watt basis between 

m?y#urements made at low power and measurements obtuined at high power, 



8.7 HEATING RATES FROM CALORlMEmlC OATA 

8.7.1 General Discussion of the NRX-AS Calorimeten 

The NRX-As colorimeters were similar but not identical to those used in 

previous MIX reactor tests. Figwe 8-32 is  a schermtic diagram showing the main components 

of the A5 colorimeters. The stand-op insulators shown in Figure 8-32 are the chief differences 

between the NRX-AS colorimeters und those used in previous NRX tests. For the A5 

calorimeters, the stond-offs connect the outer case directly to the sample core, whereas in 

the earlier design, the stand-offs did not poss through the inner shell. Another change in  

the A5 calorimeter design from the A2 through A4 calorimeters is in the material used for 

the stand-offs. The As calorimeter used alumina for the stand-offs, whereas the earlier 

calorimeters used steatite for the insulating material. Both design changes improved the 

calorimeters from a mechanical standpoint. However, these changes tend to impair the 

thermcl performonce of the detectors since: (1) the stand-offs now provide a more direct 

path for heat to flow from the outer case to the sample core, and (2) alumina has a higher 

thenno1 conductivity than steatite. 

Three types of calorimeters (steel, aluminum, and beryllium) were exposed during 

the NRX-A5 test series. The outer case for a l l  three types i s  made of steel and the inner 

shell and core are made of the sample material, except for the beryllium calorimeter which 

has a gmphite inner shell. The inner shell i s  designed to act as a thermal shield for the 

core, and ideally, should operate at the same temperature as the calorimeter core i f  

adiabatic conditions are achieved. 

conform to the ideal standards. 

temperature of the inner shell was higher than that of the calorimeter core; and also, the 

temperature difference between the inner shell and the core increased with reactor 

operating time. Since the orrter case of the calarimeters i s  made of steel which has a 

lower specific heat than either aluminum or beryllium, and since on a ''per gram" basis 

the nuclear heating i s  expected to be similar for a l l  three materials, it i s  obvious that the 

In practice, however, the A5 calorimeters did not 

Except for the one steel calorimeter used in NRX-AS, the 
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tempemture rise per unit time for steel should be steeper than for aluminum or beryliium 

provided that al l  three muterials "see" the some nucleor radiation field. As discussed above, 

the alvmino stand-off directly connects the outer case with the calorimeter core. Consequently, 

the temperature rise of the steel case is probably influencing the temperature rise of the core 

material. Unfortunately, the temperature of the colorimeter outer case is  not monitored 

during the reactor tests. Consequently, no adjustment to the colorimeter data can be %de 

to account for heat being added to the sample core from the outer shell which i s  of a 

different material for the aluminum or beryllium calorimeters. 

In summary, the NRX-As calorimeters, although mechanically superior to the 

calorimeters used during the NRX-A2, MEX-A3 and W X 4 4  reactor tats, were slightly 

inferior from a thermal stondpcjint in  that heat tronsfer from the case of the calorimeter to 

the sample material is more likely for the A5 calorimeter design. Without a temperature 

meosurement of the outer colorimeter case, it i s  not possible to correct the sample data 

to account for heat leaking from the case to the sample. 

section that the NRX-A5 colorimeter heatins rote doto are slightly higher than meosuremmts 

obtained with the previous type calorimeters during the AZ, A3 and A4 tests at comparable 

locut ions. 

It w i l l  be noted later in the 

8.7.2 NRX-As Calorimeter Heatina Rate Data 

Six calorimeters (4 aluminum, 1 steel, and 1 beryllium) were exposed during the 

NRX-A5 EP-Ill and EP-IV high power tests. Figure 8-33 shows o view of the reactor, test 

cell wall and privy roof shield, and gives the location of a l l  calorirncters exposed during the 

four NRX reactor test:. Included in this figure i s  an outline (dashed line) of the privy &of 

mounted shield. This shield was mounted on the privy rc->f only during the NRi(/EST test 

se:ies. Figure 8-33 also gives the spatial locations of a l l  the calorimeters in terms of reactor 

station, radius, and reacfar azimuth angle 8. Calorimeters werc. placed at locations 1, 3, 
5, 8, and 10 shown in Figure 8-33. For each of the six (NRX-AS) colorimeters, data were 

cbtained for four data points during the rP-Ill and EP-IV tests. One poifit was obtained from 

EY-III and three points were obtained from EP-IV. 
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c x; 

mg)n 
x 100 COcfficiW d voriot i i  = 

On i-ing absemation con bt nu& corrccming tht doto in Table 8-6. 
Wng Ef-IV, the -d W i n g  rote increase with time fix all anlorimetea with the 

mcce@ian of tht steel calorimeter which is moulltcd on the cornu of the privy cod. Although 
osligcIt inacaK in tht heating rote *wat t  of reactor power is otpctcdbc to thehuilbp 

cf firr'm pobcb (Le gomm sa~rca) in the re~ctol, the i n c m  rhom in T d e  8-6- 

higher t)on apctcd. fidwmwe, since the steel crrbrimeter doe0 w show a continual 

incraae bring EP-IV, it does -seem reosan&lc toas~lrmc hi the i n c m  in the 

m~~surcment for the olunirrrm Q beryllium colorimeten can be otrn&uted to the builbp d 
fiiim pmcbcis. hse i n c m s ,  h-, cOn be explaid if the temoemhna of the 

d e r  ams OC the aluminum Colorimctcn arc incre&rrg at a fa- rate than the colorimetes 

CO;EI and are ltaking haat to the somple cores. Since the outer case is steel for all the 

calorimctm, and, in fact does have a tempemture r-ke which is steeper than either aluminrzn 

or beryllium, this expbnation op~cao valid 

outer case these argtments must -in qmlitotive. 

However, without ochral manur#n~ts of the 
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8.7.3 Compor'm of N t X 4  Calorimeter Mtosuremtnts with blcubtions 

Glculatiora of hesting rot- were mode at thc six dctcctor locotions for which 

bRX+ caloriffwtcr doto ore ovoiiable. 

detail in R&rences 10 and 11. 

for the h R X 4  c a l a r i ~ e n .  

NO. I), all of the ~ ~ w r ~ n e n t s  O* higher than calcuktiono. 

dwussed, it is expctcd that the aluminun and beryllium colorimeterr ore giving hightr 

w i n g  mtes than really mht h e  to heat I C O ~  from a hotter s t e l  

motcriol. Although this argunent is w 

The arlcuhtioml tcchniqucs are d i x d  in 

Toble 8-7 giva o comporhn of calcukrti- with mnmtnh 

Except for the colorimeter locotcd ncor the fbrrge (location 

AS   OS becn prcviomly 

to tht - I t  

by the doto at the aluminum mockup 

shield fbnge, it oharb be pointed out that colcubtiarr near the flange indicotc thar there 

i~ a nbtively steep grodient in the hcating rote a0 a functiwof mctor station. 

the oolcubtion ot this Iocatiar is ~e r ) r  sensitive to axial locatiar and the cl- ogne?ment 

with the measurement m y  be fortuitous, 

-tly 

Table 8-8 gives o ~ynopsis of the calorimeter doto & m i d  for all four NtX 

T&QC~OT power tests. 

data upon which o good ewllntion of the calorimetm can be based. 

data i s  sufficiently large to demonstmte the need for irnpmvement in the calorimeter design. 

However, at locations 3 and 10, *mere both MX-& and FRX-A5 data are avoilab!e, the 

A5 Qta ore higher ot both locatiw. One obvi- impmvement thot Con be mode without 

too much difficulty is the addition of a thermocouple to the outer case of the calcwirneter. 

Fmn Table 8-8 it con be seen thot there r -d ly  isn't a great deal of 
The spread in the 

This des;gn c h o w  is now k i n g  planned for future mctor  tats. A M e r  

umlerrtonding of the Colorimeter would be possible if more experimentdon were performed 

O;I a basic level. More controlled experiments are required tc determine the charocteristics 

of the calorimeters themselves. Plans ore being mode at WAN1 to perform such experiments. 



8 
aL 

c U 
U 
0 
Qc 
w 
c 



m e m 
Ly e 

c 
0 
(Y 

d 
z 
d 

?? 

d 
t 

1) 
0 
rl) 

d 
F= 
d 
Q 

c 

t 
d 

8 
c 

I 
I 
I 

I 
I 
I 

I 
I 
I 

I 
I 
I 

I 
I 
I 

4: 
U 
Q 

t 

h 
A 

L 
a 
Y 

I) 

0' 
Z 

< 
0 
t 

t m 

c 
t 

ul 
cu' A 

B s C 
0 
a - 
0 z 

0 
Y 
W 
0 

- 
z 

Y 
N 
0 

- 
Z 

Y 
Y 

- 
8 

2 S S  c c  
bIL 
2 s  3 a 's a z 

U 
9 
t 

t m 

x > - 
h 

C C  
0 0  

5 5  
x > .- 
h 

L 
0 

5 
L 
0 : 

L 
0 : t 0 

V 

x > - 
B 

2 
0 v 

' 0 ' 0  
v v  

8-68 



Of RAOlAnON ENVIRONMENT DATA FOR NRX REACTORS 0.8 COMPllAnON 
AT TEST c f l l  A 

Since the NRX-AZ, M X 4 3  ond W - A 5  re3ctar are very simibr in design, 

the rodioticm envirument in the tcrt ficclity h u l d  be the w ) m ~  for all thrtc r ~ a c t ~ r r .  

The MX/EST mdiotim cnviramcrrt is qvite d i f f m t  &e to test cell and facility 

mdif icot iak 

shield rnounted on the pivy d and o hor;rond shield conntcting thc pivy rad  with the 

test cell wall. These shields were necessary primarily to protect cngir?c components which 

wem mounted on 

lberefore, aithougi this repott is p i&p l l y  conccrrrcd with th MX-AS, tht rcd'htion 

mvi- .t Qraarted in this =tion is oplicablc to tht N t X - N  0.d W - A 3  o b .  

Tht main modifications fa M x / E S T  cotmisted d h addition of a h d o w  

tat  car near the test cell wall and to rcbce test cell wall activation. 

This Kction d i n e s  011 tk -ts )ram rhc W 4 2 ,  NRX-LU, 0nd 

--AS -ton, along witfr arIcubtiora whme ntcdtd, to amin 3) whot i s  believed to 

k the M t  oceumte -ion of h rodirion e n v i m t  around mcton d this 

type opcroted in a t e s t  facility simibr to lest Cell "4.. The doto ~ t c  pcKntcd in thc 

fom of iro-flux cantam for -ram, iro-cb6e mte cantous for gocnna rays a d  -ko- 

heating rote contoun for rpd'htion heating in olrminum. 

F b r e  8-34 gives the i;o& rote contours for gmmm rays in units of R/hr for 

full p e r  (1126 ;AW) conditions. It is estimoted thot the doto given in Figure 8-34 ore 

occumte to within a Foetor d two. It should be rcmembed that these h-plots can be 

severely w r b e d  by nearby components. F a  imtonce, =ive test car componcntr such 

os the counter weights on the back of the car would couse serious local pertvrbotions within 

the cmponent. Thcrcfore, iso-contarrs of this type should be used with caution. 

Figure 8-35 gives iso-flux contours For neutrons with energy ( b 2 . 9  Mev) in units 

of neutrons per sql are centimeter per second for full p e r  operotion (1120 MW). The 2.9 

MeV threshold is used here becouse most of the avoiloble mwsurements on which the plots 

OR b e d  were obtained using sulfur pellet octivotion. However, also included in Figure 8-35 
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i s  a &tor which can be US& to convert t k  data to fluxes for energy (01.0 Mw). 
latter thresbld i s  commonly used for -ifying d k t i o n  &mqe  criteria 

Figure 8-35 or, esticnatcd to be accumte to within a &tor of two. 

This 

fhe data given in 

Figure 8-36 gives similar rodMtiorr data in the form of heating rote in aluminum. 

The units for the &ta ore watts per gr~m of aluminum and are boKd mainly on a eocnbinotion 

of meumd calorimetric heating m t - 8  m e a w d  gcam dose rates and arlculatsd data. 

A l m i m  

used throughart the facility. t h v e v e r 8  on CI per gram baris, consi&ing the accurocy of the 
data, the heating mter given in Figure 8-36 con be applied to any metul, fhge dotD oko 

ore coraickd to be only acccmte to within a factor of two. 

OS the reference moterial because it is the modt common reaterial 
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Astronucka 
Labwatory 

8.9 CONCLUStONS 

8.9.1 GammaRay Doto 

1) Passive dosimeters are reliable only when used in tests where background 

radiation from precedicg tests is small or where suificient ccrrurements of backgrouqd 

radiation are available to correct the data. 

sufficiently mapped. Health physics surveys of test eel! activity were no; extensive 

enough to provide adequate bockground data on the test cell wall. 

would help considerably in providing background radiation level data. 

The background for thc MZX-M test was not 

Gamma &.e rate meters 

2) The A5 measurements- were less reliable than previous tests and did not reduce 

the *-certc!nty in gamrM my iwels in the test cell area. 

3) At most detector locations a scatter of about a factor of two can be observed 

I ;J- my data for the NRX-A2, NRX-M, and NRX-As reactors. 

4) Calculations generally l ie within the spread of the experimental data. 

5) No significant difference between low versus high power measurements of the 

gamma ray dose rate per unit power could be observed. 

8.9.2 Fast Neutron Flux Dotc 

1) The A5 fast neutron fluxes (E>2.9 Mev) were in good agreement at comparable 

locations with data obtained during tests of the NPX-A2 and NRX-43 reactors. 

2) The A5 measurements extended the flux traverses on the wcll ond the pad 

by an additional 30 feet out to a distance of 60 feet from the reactor. 

3) Outside the shadow of the privy roof .$e measurements of fast neutron 

(E>L 9 Mev) flux for the kRX-AZ, b#tX-A3# and NRX-As rcrrctors exhibited a scatter 

of less than 50 percent, 

4) In the shadow of the roof, the scatter in experimental fost neutron data for 

the three reactors previously discussed was as much as a factor of 5. 

1 
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5) Calculations 0; fast nerltron flux (E>2.9 Meu) were within 50 percent of all 

measurements f trn the A2, A3, and A5 reactors at locations cwtside the shadow of the roof. 

At locatioas in . 
are as much as a foctor of 4. 

.rky roof hadow, discrepancies between measurements and calculations 

6) On a pc- unit power basis, considering all reactor tests, no signrficant 

trends could be observed between measurements mode at low power and measurements taken 

ut high power except on the pressure vessel lateral surface where the doto is considered most 

accumte. On h e  p r e s u ~  vessel, ihe iast neutron flux per unit pcwer was somewhat higher 

for the low power measurements tho,, ,or high power measurements. 

meter fast neutron detectors would have provided a more co-:itent and accurate measurement 

of fast neutron leahge at external locations and thus woild 'mve provided o better batis of 

comparison of high ar.d iow power &to. 

It is believed that rate 

8.9.3 Thermcil Neutron Data 

1) fhetmol neutron f!uxes (kO.4 ev! measured ddring NRX-A5 low power testing 

were in good ogreemen? with fluxes measured during NRX-A2 and NXX43 tests. 

2; The scatter in them1 neutron flux dots for the NRX-A2, mx-A3, and 

t a - &  reactors is less than a factor of twc for all detector iocations. 

3) Calculatrop af thermal neutron flux leveis at the latera! surface of the poessure 

vessel are about 45 percent higher than measurements. Howevzr, the- calculations are 

greatly dependent 39 representation of the control vane geometry. Techniques for 

calculating thermal neutron fluxes at external shielded locations are not at present available 

at WANL 

4) In comparing a l l  the thermal neutron flux data from the NRX-A2, NRX-A3, and 

NRX-A5 reactors there is no perceptib!e trend on a per wott basis bet..reen data obtained at 

law power from that at high power. 
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W -i Q - 
8.3.4 Caic*i.mttcrr 

~~ ~ 

1) Tht b i g n  changes to Nrui alwimcten from tht M to the As imp& tire 

alorimtters f m  Q strxturol sto-int but slightly 'mpakd their them'  pcrforrm;rce. 

2) In order to get mote occumte *to from the colorimeters, the outer CQK 

t-tJre rha,ld bo monitored and/or the colorimetus should be ndaigred big. 

changa art k i n g  incotpuuted in ealorimeten for me with b R X 4  and dsequent reoctom 

3) Bark themml &a sL.ould be Lbtoi7e.' with the colorimeters to better 

undmtand :heir @omonce. 

4j Th3 W - A S  colorimeters in&-:.. .; cl:gk Wing @eta than p i c u r  

rmctc~ tests at simibr l m t i m ;  probably &e to t)K desiqt- C+CS in the AS cahtimctas. 

5) Heating rote calculo:~~ns ore in mtxt caws lower tmn mecsurcmtntz differing 

by as much as o foctor of two at sane Lotions with the A5 measuremmts, !wt ore in closer 

agreeiwmt with mcrrsufements mode during earlier mctor tests. 



6. Unpafisked, las Alanor Scientific loborotory. 

7. LAMS 2346, 'The DSN ond TDC Neutron TmrSQort tulrr', la6 Alanot 
Scientific laboratory, B. G. Corkon, et 01, February, 1960, 

10. WANL-TW-202, " W - A 3  Reactor F:ml lest Report", Westinghouse 
Astrowclear lo5orotory, Reocta Analysis Deportment, December, 1%. 

11. WANL-TbR-216, "NRX/EST Reactor Test Analysis Report', Warti-e 
Artronuclm: Laborcrtory, ileoctor Amlysb D e p o m t ,  December, 1966. 

12 NTOd-0079, "NRX/EST Post Test Repar", Nevoch Test Opmtionr, 
July, 1966. 

13. 'NANL-lME-l3W, "MX-AS Reactor Analysis Doto", Weti- 
b t m u c k m  laboratory, Aprii, 1966. 
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9.1 SUMMARY 

Fdlorr'nrg the NRX-AS pwar test at NRM, thc in- mdir; d oxiol 

f i iar d-*itutii d i d d  by gas0 dation ..?I, d radiochemical 

molpis*+. AS i a .  h NRX/EST Vt-tive a d p i s ,  a 

mecmmmm)r with predictiarr was more difficult than in NRX-A2 d NRX-A3 due to tht 
hi+ loss of material frrm the fuel e1-b during the test, 

Cll these Nit%-* 

An effective drun ongle of 119- rrq o h i d  for the entire test profile 

d h g  thc COICUIO~~ power distrikrtiat to be conpod directly with thot h i v d  fram 
'* g ~ r r  dation 

e1-t woo 

Rior to canpaism ha activity wmmmment for eoch 

to =count for the &tiat in int-ity oor#iotd with loms of h i o n  

by m i o n .  T h e  ind.Qcndccrt nwthodr were d to h i v e  this c m b t i m ,  

T k  fiRt m ~ h d  had previanly been d ta estimote the effects of corrroicm on the NRX,'EST 

hot p- meoweme&. This method utilized the e k  in activity OS a function of weight 

lost br ehentr fran a given locotion, brt in different core secton. The effects of 

-'h~  en 01- estimatd + molyzing individual element deviations from o tnrJ 
in the mtio of the er<9wimentol to predicted fistions pr gmm values in the cenwl  core 

ngion. The third oppoach used the percent difference in the integols of the m c o ~ r o d  and 

pedic?ed axial power dishibvtMns in fuel elements with Iorge weight lases. 

Mojor tcmtrihuttss to th.J chapter w m  R. A, Docrcals and R, V. Rittenkger. 

** NT04-0093, "NU-AS Chernlcal and Rodiochcmicol Meosunments Report'*, 
Septmbera# 1966. 
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A comparison of the adjusted experimental f ish product activity per fuel 

elanent with the 119 deg- pedic t iars  S ~ U W S  a maximum difference of 4. 7 percent on a 

per element &ais. Thedifference, noted were due mainly to design diffcrenea behrvccn 

the NRX-A5 and NRX-A3 reOctOrs# since ?he prediction was b o d  on the NRX-A3 test 

results. PAX puwer meawmnmts hove since shown hut the fuel loading di-s 

between the two reactors wi l l  cause power changer by as much o 5 percent. Smoller 

crron thrn wars were introduced by the code 32 element power perturbations tbt were 

qqdied to the predictions. Recent PAX-€* p e r i p h l  power mea~rarrents which mmppd 

the complete cam banrday, both with fueled m d  unfueled portio1 elements, hove since 

&own t b t  t b  pertvrbot'm w e ~ e  slightly h t i m a t t d .  

lb NRX-AS predicted axial power distribution s h e d  good ovemll ogeement 

with the gmma sum mea~remtmts. This ageement was s i m i l a  to thot seen in the NRX-A3 

Analysis. ** 
A comparisocl of the cold PAX-0 power distribution and thot derived from the 

NRX-AS p o r t w t i v e  ionization memuremmts indicated little or no difference in the 

cold ond hot p e r  distributions except in the edge fuel elements where the o'aervd cold- 

to-hot power chonge showed a definite rise. This cold-to-)rot power swing is slightly more 

praroumed (appoximteiy 2 percent) than thot observed from the NRX/EST data. 

* V'ANL-TME-1519, WANEF Critical Experimmts in Support of NERVA", 9/46 

*+ WANL-TNR-202, "NRX-A3 Reactor Final Test Report", 121'65. 



9.2 N U - A 5  POWEU DISTRIMJTION PREDICTIONS 

T h c t  dimerrsiorwrl power dishibutioh were pedictsd for rhe NRX* fa -1 

angles.' These pcd ic t im were pafarmcd for operotion at the desi* pint. fhe 
d i o l  power pedictiom were narmrlired to the NRX-M hot fiaion dirhib:on 0 

cstoblished by rcdiochistry. NRX-A3 hot measurements were chosen mther thon 
those of NRX-A2 since i t s  looding dirtrihiion more closely sinulated thot of 

NRX-AS. Rodiochicol meor~rmentr on the NRY/EST core rchich hod a looding d i r t r i b  

tion identical ta NRX-AS,were not ovailable at the time of the psdictiars, 

N m l i z o t i a r  coefficients were obtained on an e1-t-bysl-t Mi by 

canpaing NRX-A3 predictions adjurted to the effktive drum ongle during t k  tcst s+r'k~ 

w i h  the octuol fission density 0s erroblished from icmiurtion meas~rem~ntr of the 
fission p d u ~ ?  Stivity. The NRX-A5 pedictims of f ia im h m t  heoting ot 011 6un 
ongles were adjusted by these -litation cot::;cients. De a i l e d  pawer voriotionr in t#ch 

elemect were obtained from the ombimt temperature power mi auement in the PAX critical 

bcil i ty at Waltz Mills, Pa, The m l i z a t i o n  of the NU-A5 pow- pedictians to tk 

NRX-A3 post-test results and PAX-A experimental data were per- by meanf of the 
PFENCE canputer progan. ** The heating throughout the cap by fast neutrons and ~ a m r r  

roys were also included in the predictions by PFENCE. 

The NRX-A5 power prediction waf odjusted at the core periphery to reflect the 

local perturbotiom coused by the replacement of the Code 32 fueled partial elements with 

unfueled gaphite portial elements. These perturbotioris were derived from P A X 4  power 

meowremen6 oround a limired number of Code 32 elements with both fueled and solid 

graphite elements in the Code 32 positions. 

measurements were used to describe the peripheral design c k g e  between the NRX-A3 and 

NRX-AS reactors. 

The power perturbations derived fn*n these 

- ~ ~~ ~~~~ 

* WANL-TME-1389, "NRX-AS Reactm Analysis Doh" 4/66. 

** "Camporison of Anolyticol and Experimental Power Distribution of NERVA Reactors", 
R. Doncals, 0. A. /.\cCutchon, I. Ortenberg, J. Ravets, Trans. k-ter. Nucl. SOL 
11/65, 
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The NW-AS power p r d i c t i a  were ccms'hhmbly betta thm thase used to aifice 

NRX-U and A3 since the NRX-AS pedictian w u e  nanutked to hot -tot tert doh. 

NRX-A2 and A3 predictiarr were nomralircd to a mauswed cold parrcr distribution ond 
utilized o colcukrted cold-to-hot pawcr chmge. The NRX-M pcdictions were also 

i m w t  mer the NRX/EST value0 since the hot rm~raremantr d in the Mlrmaliurtion 

scheme  en o h i d  from o reactor, NRX-A3, which hettu -td i t s  fud loading d i r  

?ribtion. Also, the code 32 p e r  perturbotiom used in the NW4S @i&om were meosukd 

directly m a PAX power er :timent; NRX/EST values mn etimotd by analyzing the 
loml voriatiar in the PAX -A fimion distribution along the imt&ritia of the bl/f i l ler 

strip barndoty. 
The impvemer t in the NRX-AS parver distribution prediction is evident by the 

?xcellent uniformity O b e ~ i d  in the temperohwe pottern; at ond near the orifice drum angle. 

This i s  discussed in Sectior 5.4.2.2 and s h a m  gqhically in Figures 5-2 ad 5-3. Tempem- 

hm uniformity 09 indicated by thennocapsule doh (Section 5.49) was L:thtr in the NRX-A5 

thm any p i a n  reactor tested. This is shawzl by the following mecrsured three sigma 

tenperrrtwe variatiam: 

N$X-A3 259% 

NRX/EST 27 1% 

NRX-AS 141% 



9.3 EFFECTIVE DRUM &'JGLE FOR THE N U - A S  HOT TEST 

fhc NRX-A5 test series included two orperimental plans in which there wts 

sufficient fist;on product tu ildup to affect the gross ionization measurements mode at the 

end of tht tert series. The power-time weighted drum m g l a  for each of these hot tests are 

listed below: 

Power-Time Weighted 
Experimental Plan Orum Angle @gees) 

111 109. 2 

IV 124.3 

In order t6 m k e  a cornprison of the NRX-AS power (redictions with messvre- 

ments, i t is neczwey to define an effective overage control drum angle for the entire test. 

In rder to do this, the above angles were weighted by factors which took into account the 

total fission product builbp in each EP and the subrequent decay in gamma activity until the 

z'art of the m e r  measurements. 

degees for the entire NRX-AS test series. 

This resulted in an effective drum angle of 119 

The effective dnnn angles for each NRX-A reactor tested to date are listed belaw: 

Reactor 

hRX-A2 

NRX-A3 

NRX/EST 

NEX-AS 

Effectiv- Control 
Drum Angle (Degrees) 

9?. 7 

99.3 

120.0 

119.0 

The smoll diffimces between 

NRX/EST o d  AS allow a direct comparison of the experimental dato from each of the 

respective hot tests. Of course, the slight differences in element fuel loodings must also 

be factored into h i s  comparison. The comparison of the fissions per gram obtoineci from the 

NRX-A2 and NRX-A3 hot tests is  reported in WANL-TNR-216, "NRX/EST Reactor Test 

drum angles a 1RX-Q ond A3 an- 1ikew.s between 



Analysis Report”. This comporisorr showed that in the 78 elements of NRX-A3 which were 

downgoded in loading relative to A2, on increase in fission rate of as much os 5.5 percent 

wos seen. PAX ambient power mecrwrements also showed a similar deperdence of the 

fission flux on the looding distrikrtion. A compari-sari of the experimental hot data from the 

NRX,’EST and NIU(-.45 reacton is presen?ed in this chapter. 



9.4 COMPARISON OF THE NRX-A5 EXPERIMENTAL POWER DISTRIBUTION 
WITH PREDICYIONS 

Yhe NRX-A5 fission density distributim were conshucted from d i a t i o n  

measurements d e  in  a whole body ionization counter on al l  unbroken fueled elements. 

The gamma intensity reading for each fuel element was divided by its actual uranium 

loading os obtained by another gamma scan technique during fuel maclufacture, giving a 

number w! ich is assumed to be proportional to the total number of fissions per gram of 

umniwn in thot element. These values for each 0; the six sectors were averaged d 
normalized to unity in the central elements to produce r h e  distribution shown in Figure 9-1. 

The ratios of rhese expeJimental fission per g c m  values to the NRX-AS 

pdi:tim are plotted in Figure 9-2 as a function of radial position. The individual fuel 

eiement gamma intensity reading is a measure of the total energy generated in that element 

by fission fragments (i.e., not  amm ma and neutron heaiing) during the entire t& series. 

This is bosed on the assumption of negligible fission product loss. A detailed itspection of 

the ratios of the experimental to calculated fissions per gam values shown in Figrre 9-2 

miss m e  question os to the validity of this assumption for the NRX-A5 eiements. This 

is shown by the erratic variations w5ich are exhibited by the experimental to predicted 

fission ratios in the central core region, a region of the reactor wi th  l i tt le element ta 

element power variation. The deviations in these ratios have since beem tound to be 

positively correlated with the individual fuel element weight losses. Similar reductions 

were observed in NRX/EST ionization measurements for elements with large weight lose:. 

It was impossible to detect this phenomenon in the NRX-A2 and A3 data due to the 

relatively small weight losses exhibited by the elements during these tests. 

The centrol normalization scheme used in reporting the experimental fission 

per  ram data causes all the normalized intensit; values to be in error if the central 

elements hove unusually high fission product losses. Consequent’v, the dRX-AS peripheral 

ionization measurements were erroneously increased due to the large CG ,&on wt.ich took 

place in the central elements. In order to make an error analysis of the NRX-A5 

predictions, i t  wos necessary tG develal: : -om the hot experimental data a correlatim of 



A $- 
\ 

GROSS RADIATION MAT' ' W M E N T S  NOT 

SECTOR WERE BROKEN 

DATA CORRESPONDS TO 119" 
DRUM ANGLE 

* AVAILABLE, ELEMENTS IN  LA^ CORE 

Figure 9-1. NRX-A5 Experimentol Fissions per Gram Volues as Derived from Gross 
Radiation Meosurements, Uncorrection for Fission Product lorn 
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ionizGtion intensity loss with weisht 105s. 

individual power measurements for f i s h  product loss to provide o better estimate of the 

fission rote for comparison with predictims. 

This correlation wos then us& to c o m t  the 



9. 5 FISSION 'RODKT LOSS DURING TESTtMG 

The two modes by which fission products could be lost during the WRX-AS test 

series were diffsion and corrosion. The term diffusion is de i ind here 05 fission product 

migro:ion throug4 thy2 pyrocorton shel l  of the fuel bead *a the coolait channel svrfa:e. 

G m m  spectra measured at intervals along the length of selected NRX-A5 fuel elements 

pecnitted o comparison of the intens:* of the 1-60 Mev photopeak due to +)le migrating 

- La'm fission jwoducts with the intensity of 'he 0.50 Mev photopeak due to the 

non-migruting isotope Rulb3 at each axiai station. The activity due to a second pair of 

migrating isotopes, ~ r 9 5  - Nb95, WQS also compared wi ih  t5e Ru103 activit).. 'tese ratios 

ef migrating tc non-migrcting isotopic pain were relatively constant along the length of 

the fuel indicating that the activity lots due to diflusion oi fission producb could be 

neglected. Similar measurements on the NRX-P2, NRX-AZ, a d  NRX/EST fuel elenter's 

also svppor' the conclusion that fission product diffusion at the NRX operating temperatures 

i s  not great enough to appreciably change the 'ission product spatial d;*+ribution. 

It is well known on the other 'hand that corrosion does cause fission product loss 

through gross removai of the fuel matrix, especially in the midband and hot e-td regions 

of the element. The ef-ect of corrosion in the NRX-A5 eiements was analyzed by correlating 

the weight I r s  of each elernerit with its gross fissi m product act:-iity as measured in the 

whole element ionization chamber. Three independent methods were used to derive this 

correlation. 

The fint method has  previously been osed io estimate the effects OS corrosion on 

the NRX/ES: hot power measurements (WANL-TNR-216, Veactor Test A I -  ' 4 s  

Report", pages 9-4 to 9-10}. Briefly, thd method consists of ettablishing for eoch fuel 

elemen. a correlation between the ohenred whole element ionization chambtr reading and 

the 4ement weight loss. Similar to the NRX/EST analysis, a statistically signift. ;nt 

reduction in gross ionization intersity with increasing total element weight loss was found 

by analyzing the experimental fissiqns per gram values for the six fuc elements a\ the 

sawe tocation, but in differcrt core sectors. kiefiy, heavy weight loss elements exhibit 
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a Iowa activity. Plots of t k  vaiua ot a function of element weight I- indiats thot 

then is only atout 1 percent 

obecrvcrion ma u s d  to whopolate thc intmsity values bclck b z m  weight l a ,  Le,, it 

was osurncd h t  ionizotim r d i n g s  for elanen6 wi th  weit@ 1- MOW 20 

mt -tially tht original activity. 

ionization in-ity 

locations which M 0 rpeod in weigh l a ,  with at ItQt m e  ciement k h  2O gm. 

The results of this anrlysis are s h a m  in curve {u; of Figurc 9-3.  

in prima activity far a weight loss of 20 garrr, This 

repre- 

Cm-tly, to dstcnnirtt the m t  IOSS in 

a functim of element weight la, it was ~ , c f t ~ y  to find element 

The effects of c m i o r .  were aim etimoted by onoly-ing individual element 

deviations from a tnrrd k the ratio of crtpcrimmtal to p d i c t d  fissions pcr 

shown in Figurc 9-2 h t h  t'k actual and calculated fission rates per p m  of umnium 

in the ce,itral core region are necerwniiy smooth fundm sinci they are bostj on con- 
tinuour flux distributions, Coracquently, rigrifi-t 1-1 devmtitms in the mcperimen?ol 

to predicted fission ratio in r h e  c=,tral c x e  region car only t s  attrihried to inoccumtc 

waniurr looding values or to o i o ~ r  in fission product htcmity due to corrasion. 

VOIWX 

In the 

element averaged opproximokly 14 gars. As noted ohove, h elements with the 14 

gam weight iosses should have les than i percent lors of fission prdvcts due to ccnu~~'m. 

Conwxpettly, it was assumed that difie:ence in tie 1.048 average ratio noted between 

20 and 30 cm radii in Figure 9-2 and t h  calculated for the cen?fol core region, 0 to 20 

cm, w a  the loss in gam::-? ictensity due to corrosion. There differences a n  plottd in 

Curve (b) of Figure3-3. 

- 

A third approach to the probit af establishhg a conelation between weight 

loss and fission product activity IOU wc's k; on the axial wriation in grosr fission 

p d u c t  gomm activity os measured with u xintillation detector. For this purpcse, 

elements were selected with weight law- of 25 to 72 grams, Axial power distributions 

derived from the absolutrl zwnt rate are compared with the corresponding predictions in 
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Figunr9-4 to 0- 0. 

cosine fur*;tiar frun boti rwm tempera- experimcntol Qta ond hc NRX-A2 m d  A3 

diochwrricol mcasunmtqts, the dips occurring naar the 22 in. :totion mct be attributed 

to l o e ~  of firsion poduets. The predicted cuve pov-lda on indicatia, of what tht fiim 

poduct distribution would hove been in the a h a  of com#i#r. f'ost compaim of 

prdiction ard v i m e n t a l  -b have bccn in good Ggetmcrrt whwd extensive 

c m ' m  wgs not m t .  In ader to derive a fairly gumtitdive atitnote of t b  activity 

lasr, tk m i c t i o n  caves have heen adjusted in amplitude to coincide with t)lt mewrred 

dirtribti- in the 

tin RWOOUC16d ond tht fitted hueticol (unearroded) axial p o r n  distributiarr were 

eonputgd at -h axbl *&ion. The f i v  show the dat ia r  be- thae 
d i p  carem and the incremental weight 1- obtained by sectioning the element, The 

ognement ktwcen weight and activity lases implies that umnium d i d e  and its 

orsoeiotcd fiiim podicts mre last in the m i d W  regim in d i t i c m  to ccrban, 

5 nce the axial fiiim dirtribtion is k m  to cl~baly -Me o 

inlet cnd of thc clement, The pmmt diffacrrcer btkrm 

The m t  d i m e  in the in tegals  of tk megpured and thtacticolly 

u n c d  axial pomr distributions is shown as a function of weight loss in curve (e) 

of FiguP 9-3. 

Curve (d) of F i g u e  9-3 is a composite of the results of the three rnethodr 

descriu. Shown on the cuye i s  a visuol fi: of all these NRX-AS values d fa 
canparism, a curve previously calculated frwn the NRX/EST grosr ionization m-6. 

The significant difference between the two curves eon be explained in term of the 

difference in axial distrihution of r h e  weight lobf in the two reocton. The major portion 

of corrooion in NRX-AS elements wus generally confined to the midband region while in 

NRX/EST both midband and hot end losses were significcnt, The fission product activity 

loat in NRX-A5 elements was found to be 27 perccnt greater than i f  the weight lobf hod 

been axially uniform, since conoaion occurred predominantly at the midbond region where 

the fision rote is highest, The corresponding NRX/EST factor of 11 percent was 

considerably lower due to the corrosim 011 the outside surface at the hot end where the 

fission rate i s  lower. 
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- 
:!?g -:&.-.kh? !:Y? +wn cn Fiwm 9-3 is the octivity IQSS which would occur if 

the f i s h  poduct 1055 gt e h  station is proportional ?O thd weisj);ni :GE~ dris :k 0.27 

factor to account for the axiol weight loo distribution. As in the NRX/EST analysis, tb 
curve f;t to tht doto shows very little activity c h g e  for a weight loss below IS - 20 gorns. 

PbysiColly this is interpreted to mean thot essentially only carboc\ is lost in the initial stow 

of the cararb process. At hi- lases the slope becanes more negotiwe, until it a- 

im d ~ , +  with t k  stmight line developed abwe. Thur, the data denotes o ~ d u o l  

tmnrititm r d  the situcrticm in which fissim products and pcsurnrby umiun ore removed 

in d i w t  praportion ta tk weight I- 



9.6 COMPARISON OF ADJUSTED NRX-AS EXPERINLENTAL POWER D l ~ I W T l O N  
WITH PREDICTIONS 

The goss ionization measurement of the gomma activity of eack unbroken element 

in NRX-As was adjusted to account for the lads of activity due to corrosion during the test. 

These corrections were obtained from the curve shown in Figure 9-3d 

element weight lasses. The corrected values of fissions per gram of umnium are shown in 

Figue 9-7. 

using meBswed 

TIWE mtios of these adjusted experimental fissions per gom doto to the 1190 
NRX-AS predicted values for each element location are shown in Figure 9-8 os a 

function of dia l  p i t i on .  These ratios are also not4 on *he core schematic in Figure 9-9. 

Note that the ercw in the predicted fissions per gram of umnium is now constunt ovet the 

region within the 25 cm rdius, in contrast to the appzrent increase in error in Figure 9-2. 

The Rvrrtimun ratio of approximately 6 percent occurs in a few elements in the J and H row 

clusten. 

The convention of normalizing the fission rate per gram uranium to unity at the 

centerline both in theory and experiment wpprese+ any error in the prediction at the 

core centerline, while exaggerating the error at the edge. In order to determine the actual 

emw in the predicted fission power per element, the ionization data was renarmalizeci. 

The predicted element average power factor WQS divided by the nomina! wmium loading 

of that element. A comparable measwed quantity was derived by dividing the experimental 

Qomm intensity reading for that element by the average garnma intensity reading for all 

elements and by the m-built uranium loading. Since the calculated power factors include 

not only energy from fission fragments, but also that from gamma and fast neutron inter- 

actions in the core, the calculotion was adjusted to delete there effects. The results of 

this comparison are given in Figure 9-10 which sham that the power distribution was over- 

pd i c ted  by approximately 2 percent at the center and underpredicted by a maximum of 

4.7 percent at the core periphery. 
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Figure 9-7. NRX-AS hperimentol Fission per Grom Values, Corrected for Fission Product Loss 
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a GROSS RADiATiON MASUREMENTS NOT 
AVAILABLE, ELEMENTS IN EACH CORE 
SECTOR WERE BROKEN 

(8) SHIMMED (TAC) CLUSTERS 

EXPERIMENTAL DATA CORRECTED F O R  
FISSfON PRODUCT LOSS 

/ 

Figure 9-9. Ratio of the NRX-AS Experimental (Adjusted for Fission ProdJct Loss) to 
Calculated Fissions per Gram, Each Fission Oistr ibution being Normalized 
to Unity in the Center-Most Cluster 

emwuuwm 
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Figure 

e GROSS RADIATION MEASUREMENTS NOT 
AVAILABLE, ELEMENTS F N  EACH CORE 
SECTOR WERE BROKEN 

@ SHIMMED OAC) CLUSTERS 

WPERIMENTAL DATA CORRECTED 
FOR FISSION PRODUCT LOSS 

9-10. Ratio of the NRX-AS Experimental (Mjusted for Fission Product Loss) 
to Calculated Fissions per Gram, Each Fission Distribution being 
Normalized to o Unity Averoge Foctor in the Core 

9-23 



The errors noteti in the FDwer predictions can be understood in tenm of the 

kip changes made between the NRX-A5 ond NRX-AS reactors. As rnmttcmed pviarsly, 

thc NRX-AS pow- p d i c t i m  was MwmoIizcd to o pow= distribution derived from the 

NUX-A3 gas imizotim measurements. .1 redudion tn looding of 42 elemenb ir? SRX-AS 

reiative to the A3 looding distribution was found necessary io order to redwe the p e r  f a c t a  

slightly irword from the periphery v,hich became excessive at the higher operating drum arrgles 

intended for NRX-A5. Calcufaticns and experimental power meosofcments* ut the 

Watinghovrc Astronuclear Experimental facility hove since :bwn timt the fissior, flux in 

:he downgodcd eiements would increase by as tmch as 2 to 5 percent, producing most of 

the higher MCCS in Figure 

by the pwer  perturbations applied in the predictim to correct for the absence of fueled 

por!ial elements in NRX-AS. The available WANEF power measurements used to derive 

thac A5 perturbotiam were d e  only in  a i' i ited number of coolant chonnels od-pent 

to selected p t i a !  elements. R e c e n t  PAX-E peripheral v e t  measurements which mapped 

the complete care boundary, both with fueled and unfueled partial elemenls )rove since 

shuwn that t b  perturbatic-.s were slightly underestimated, 

9-10. Smaller e m s  *ere also introduced in tk care periphery 

The  next k w  paragraph; review briefly the experience in predicting the four 

Further comparisons between the NRX-A2 md A3 NRX mctors tetd up to this time. 

reactors are mode in WANL-TNRB2, 'NRX-A3 Reactor Final Test Report: C!apter 8, 

while the NRX/EST results were compared to both of these reactors in WANL-TNR-216, 

"NRY/ESl Reactor Analysis lest Report", Chapter 9. 

Most of the errors noted in all the NRX-A power predictions mode to date CGA 

be attributed either to design changes which were made between the various reacton or to 

the predicted cold-to-hot power swing. In the NRX-A2 and A3 analytical predicticms the! 

latter effect introduced a 1 percent increase in the central core regior ard a sharp 

WANL-TME-1474, "Critical Experiments in Support of NERVA", Quarterly Report - 3rd 
Quarter CY ' 66, 6,'66 



redvetion of 7 petcent at the core periohery at operating ccdit;ons. OeviatiorrJ of this 

v i d e  wereaccordingly seen in the actual PJwec distributim relative to the prediction 

since no hot -ements were available at the time of these pedictims, A cornpaison 

of thc cold B,L-PAX pow- distribution and that derived From NRX-A2 post-operotive 

ioni-tim 1-t~ indicated l itt le or r.9 a;rkence in the coid and hot 

di:tr;btions, except in the edge fuel elements where the 0bstl.d cold-ta-hot power 

c!mge showed an increase of 2 t:, 4 percent. The anolysir of NRX-*ST and NSX-AS goss 

ioniurtior. meawtemenh and ambient ?AX &to have confirmed that t k e  is a localized 

but definite rise rather thcn a drop in the hot edge power distribution re!ative to the 

cnnbient cas@. 

The vorious normalizing schemes used to predict the NRX-A3, NRX/€ST and 

NRX-AS power distributions did not prOperly occmnt far I od i zed  increases in the fission 

flux due to reductims in individual fuel element I d i n s .  This introduced errors of 

2 to 5 percent in t h  various power predictions. The extent of t!wse errors dependd on the 

number and location of the elements whose loodings were reduced. 

The power perturbations due to the replacement of fueled portio1 elements with 

unfueled gaphite elmmts also int;oduced measurable errors in the NRX/EST predictions. 

While power perturboti- were introduced in the NRX/ESf calculations to account for 

this charge, the correction was not based on a direct measurement, but was inferred from 

NRX-S PAX peripheral power changes as a function of core penetration and depth of 

peripheral irregularity. PAX power experiments have sinse shown thot these power 

perturbotions were underestimated by approximately 5 percent in those elements adjacent 

to the unfueled partial elements. 

The design experience gained from onalyring all the hot NRX-A and ambient 

PAX power measurements has been utilized ;n predicting the XE-1 power distribution. I t  

i s  believed that the error in these predictions w i l l  be of the order of the random variations 

in the hot experimental data. The XE-1 power predicticns were normclized to the NRX-A2 

goss ionitoti-7 measurements which werc not complicoted by co-rosion. A PAX power 



map for o complete 90 degree roctor wor d e  to determine the -tiom due to 

looding cknge in XE-1 mlot;ve to NRX-A2. AWitionol perip)leml oar#* V ~ S  

were mode to completely define the unhled partial elanent power wbot iom.  Finally, 

the paw- measurements mode ot LASL with the e t  Cell "c" shield mockup wax? used to 

determine the effects of the shield on the paw- distribution. 



9.7 WLLAUlllLD COLD-T0-)30T POWER CHANt.. 

Figure 9-?? shorn the observed NRX-AS cold-to-hot ~cnmw chmge. The cdd 
p c m ~ ~  distribution mxs determined by mea~rements of the fissim product activity induced 

in uaniun-olucninun detector wires irradiated throughout the PAX-0 reocbr. For this 

experiment the NU-AS loading distribution wcs mocked up in o 180 degee sector of 

the PAX eae. These power measurements were d e  for a 90 degee  control dnan angle; 

qn adiwtment to the 119 degee angle was necessary for compaiwn with the hat NRX-BS 

distributiar OS derived from the corrosion corrected ionization meo~enrents, The 

r u t h  of thc NRX-A5 icnization mesurements to the PAX-D eqerimental power distribution 

shown in Figure 9-11 reflects not only the power chonge due to operating conditims, but 

also a mlI c h g e  in the hot pow= distribution due to corrosion, The NRX-AS periphera! 

cdd-to-hot swing is slightly more prmourced thm obderved h . n  the NRX/EST &to, 

approximately 2 percent. This increase is believed to be a!:rihutoble pimaily to the 

different d i a l  weight lasf potterns In the t w ~  coret. A second psibi!ity is  the d i h t  

!q 4rogen densities in the beryllium reflectors of the two reactors, lrnmpcrt calculations 

do indicate, however, that this second effec: shmld not be important. 
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9.0 COMPARISON OF THE NRX EXPERIMENTAL AND PREDICTED AXIAL POWER 
DlSTRl BUTIONS 

Figure 9-12 presents the m e m u d  a d  calculated axial fission power 

distributions at the core centerline and edge in NRX-A3, NRX/EST and NRX-A5 for 

elements with low weight losses. Both predictions were obtained f i w  R - Z TDC calcu- 

lations. The difference between these two predictions is the use of godolinium - stainless 

steel cluster plates in NRX/EST and Ag - In - Cd in NRX-A3, NP,X/EST, o d  NW-AS. 

T k  camsponding prediction and mecrs~rements show good overall ageement for each 

clvster plote material, 
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9.9 COMPARISGN CN THE MRx/EST AND NRX-BS GROSS IONIZATION 
MEASUREMENTS 

The smoll diff&nnce in the NRX/EST ond NW-AS effective dnm angles, 120 

versus 1 i9 d w 8  permitted a direct comparison of the experimental data from each of i'm 

two hot tests, see Figure 9-13. Seam in these ratios is pi-ily due to di-t shim 

patterns in each core8 the experimental error, and the inability to eliminate all of the 

deviatims in the 

appanimotely 2 percart from unity in the centd core locatiars ond in- to 4 percent 

at the edge of the c m .  This ObSeMd qos difference in the two power distributions is 

believed to be d by the different radial might losr potterns in each core. 

due to conoaion. The dial meon of there ratia deviates 
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A derivot*on of the methods used for reactivity ca'culot'ms in this report oppeas 

in WANL-TME-936. A m~lmmoly of the more significant effects ond key nucleor p a n e t a  

is shorn in Table A-1. Note hot during steody state operotion the terms RD, RC, R,,, ond 

R 

c k t e r k t ' k s  of a particular reactor condition. The term R 

6wn angle for equilibrium operotion. 

m#t sum to zero. The last three terms ore determined by the fluid flow ond temperature T 
permits the calculation of the 0 

CONFIDENTIAL 
A-1 



G7 TABLE A-1 

SIMPLIFIED NRX-A5 REACTIVITY tQUATlONS 

NRX-AS Reactivity at Steady State = R + R + R + R = 0 
O C H T  

Control Drum b i t i o n  R~ = -4.1 (1 + case) + 3.4 

RC = 0.055Mc L Carbon Cess 

Hydrogen Reactivity Contribution RH = (1 + A) (wc + WLS + Weel 

= 4.0 5,  + 10.5 z2 +4.6F3 
-4 - 

wC Core Worth 

Lateral Support Worth WLS = (0.968 - 10 TC’FLS 

Be Reflector Worth wBe = 0.040 
Be 

Temperature Reactivity Contribution R = [-1.039 (rc-528) + 0.943 flee - 528) ] x l d 3  T 

where 

R. 

0 = Control drum bonk position, degrees 

= Reactivity, dollars (i is  D, c, H or T) 
I 

= Moss of carbon lost, kilograms 

A = Fraction of diffused hydrogen (0.12 used) 

MCL 

f ,  3, p3 = Average hydrogen densities in the upper, middle, and 
lower thirds of the core, Ib/ft 3 

P = Average hydrogen density in the laterol support, 
I b/f t3 

1s 

= Average hydrogen density in the beryllium reflector, 
Ib/ft3 

- 
= Average core temperature, OR 

= 
TC 

T8e 
- 

Average beryllium reflector temperature, OR 


